


‘ 


- LIAN 






Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1970 


Active RC network synthesis with operational amplifier. 


Yuksel, Erol 


Monterey, California ; Naval Postgraduate School 


http://ndl.handle.net/10945/14867 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


1 i KNOX appointed — and published -- scholarly author. 

ih : Dudley Knox Libra Naval Postgraduate Schoo 
LIBRARY dley b ry i | g d hool 

http://www.nps.edu/library 






411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


ACTIVE RC NETWORK SYNTHESIS WITH 
OPERATIONAL AMPLIFIER 


by 


Erol Yuksel 








a kan ) & 







8 
ay tha, 
: rr 
¢ 
> a. 
' 
ea 
4 


~ 


a ra) 
Ay 
V i. 
4, 
4 
x 


Ae KI r CO 
1 te S| rt, Con! | Ga} 


LS I a TS OT NS Sa as NN a AED SU SNE 


CCS eee WwORK SYNTHESIS 
WITH OPERATIONAL AMPLIFIER 


by 


Brom YorRse!] 


September 1970 


a ee LS eS 
TS mmm Se a ete = —— 





this docunsnt hes been evproved for pubifd 
weieasG and said; its cistribution is unlinited. 





Active RC Network Synthesis with Operational Amplifier 


by 


Erol Zuksel 
Peeiwonana, Turkish Navy 
Turkish Naval Academy 
B.S., Naval Postgraduate School, 1969 


PpMberea Impartial fulfillmenteof the 
requirements for the degree of 


ELECTRICAL ENGINEER 


from tiie 


NAVAL POSTGRADUATE SCHOOL 
sewecmber (1970 





O.TGRADUATE SCHOOL 
Y, CALIF. 93940 


ABSTRACT 


Active RC network synthesis techniques with operational 
Miplrrters are reviewed, discussed, and classified according 
toe the number of amplifiers and number of feedback paths in 
m@emecircuit. After presenting the main properties of active 
RC network theory, various synthesis techniques are discussed 
and evaluated according to their merits, by means of sensi- 
mirrcy and Stability theory. A modification to Lovering's 
@eeeuit 1S proposed. 

Six design examples are presented to illustrate the appli- 
cation of the techniques and to observe the effect of nonideal 
active and passive components. The designs are practically 
realized, their performance is tested and experimental results 
are presented. Reasons for the discrepancies found between 


theory and experimental results are discussed. 





el. 


Penson sCON TENTS 


ee eh) ae ee Se ee eS 
PS ed eee oe ee ta a ee ee TT 
1. Use of Operational Amplifiers ------------- 

yan Use, OES eangard second Order Filter 
eta Gees ae eee ee ee 
eo ae olmeotmlaoletance  ——=—_—-———-=.—_-—__-_—_— 


B. oOOME CONSIDERATIONS ON ACTEVE RC NETWORK THEORY 


1. Stability . ---------------------~-~-~~-~~~--- 
2. Quality Factor Q -------------------------- 
Peochottivwity 9 ==—==—-—-——.-——-— = -- 
Me Glue toes (Loe == =a ae ae ee eS 
See bate SowNThitsis OF RC-OPERATIONAL AMPLIFIERS ----- 
A. RE PASSIVE AND RC ACTIVE NETWORK THEORY -~------ 
1. Passive RC Networks -------------------+---- 
Pee Giet Verne NeGworkcSt take C Networks =<-=--= 
3. Passive RC and Gyrator Class of Networks --- 

4, Passive RC-NIC or Operational Amplifier _ 
Class of Networks ----------------------- 
ee, oe eer Oint sh UneE1On mynthesis =—-=----= 
a. Foster FormS ----<--<<<<---------------- 
b. Cauer Forms <--------------------------- 
6. Synthesis of Complex Transmission Zeros with 
Parallel RC Ladders -------------------- = 
a. Guillemin's Technique ys 
b. Fialkow-Gerst Technique  --------------- 
ie. STABILITY  --2------- oe ee ee ee ee ere 
Cr. SENSITIVITY  -------n- een eee eee en ee re rrr 
Ss eet eee fone —————————— ——— — = ——=—-——— 
PeeGtunescenciltiamey and Phase Sensitivity ---- 
Cees or sen city ile = — = 
Leer orwcensiturvity and Pole Sensitivity ----- 
PCO (eee te nt onGltivicy —===——------------- 
Se en a a ee 
jelinterselattens between Sensitivities <------ 


D. COMPARISON OF DIFFERENT RC ACTIVE STRUCTURES -- 


10 


10 
1) 


eZ 


es 


18 


Ne 


20 


26 
206 
eal 
27 


28 
29 


29 


30 


30 


aro 
ao 


477 





ie IC OPERATIONAL AMPLIFIER ----------------~---~- 58 
TI. Open Loop Gain --~----.----~--~---~--~---_~_- 60 
2. Compensation of Open Loop Gain --------- 62 

eo tecitelary wAy741C IC Operational 
Amplifier ------------------~---~---~-~-- 64 

Meee ehotitvity Considerations in Networks 

eee rerational Amplifiers —-------——- 65 
a. Pole Desensitization  --------------- a2 
(1) Technique-l ------------------- 22 
(2) ‘“Technique-2 ------------------- 73 
(3) Technigue-3 ------------------- 74 
Til. INFINITE GAIN SYNTHESIS TECHNIQUES ------------- 76 
A. INTRODUCTION ------- saree eH === ---- ios 
Prec weOeweRAtLLONAL AMPLIFIER SYNTHESIS oe 76 
J. General  ---------- een nee cn nen en en nen 76 
Z. Single Feedback Synthesis -------------- W) 
a. Sensitivity ConsiderationS --------- 80 
Pb tee PeeCcback SynthiesiS --—---------- 83 
RG et ee 53 
b. Double-Ladder Synthesis ------------ 83 
(1) Sensitivity Considerations ---- 89 
c. Single-Ladder Synthesis ------------ 92 
Cpmeoencittrviry Considerations ----— 100 
(oe LercmanaGnsonm.s Circuits —-—-—— LG 2 
Cy Sensitivity Considerations --- 106 
Cees i le wOPERATIONAL AMPLIFIER SYNTHESIS --- 107 
lL. General  ----------- een en nn 107 
Z State Variable Synthesis <-------------- 108 
(eo me ley COnSsiderations © -------- ks 

3, Mathews-Seifert's and Lovering's 


Pee ete tL TON OF CONTROLLED SOURCES --------- 


Circuits ----------------------------- 114 
LS, 





Pee oon Geo AND EXPERIMENTAL RESULTS ---------- a2 


ten ren ne ZZ 
B. CIRCUITS -------------------------------------- 125 
1. Example 1: Single Feedback Synthesis --~--- es 
2. Example 2: Double-Ladder Synthesis ------- ile 
3. Example 3: Single-Ladder Synthesis ------- I 
Peto btugler’ Ss Circult  ------------- 140 
5. Example 5 Lovering's Circuit  ---------~-- 144 
6. Example 6: Modified Lovering's Circuit ---- 149 
V. CONCLUSIONS --------------------------------------- 154 
APPENDIX I: Matrix Analysis of Networks Having Ideal 
Seecartona le sAmplifier  —-----————-———-——-——— Las) 
PePPENDIX Li: Fairchild wA741C Operational Amplifier 
eee nem Mee aoa oo re 
eee 6 168 
INITIAL DISTRIBUTION LIST ---~------~---------~-----~---- 173 
MDD VA G0 Sm wn nn a a nn iS 





ACKNOWLEDGEMENT 


Grateful acknowledgement is extended to Professor G. E. 
subak-Sharpe for his guidance, friendly interest and conments; 
meee CO Professors S. R. Parker and W. M. Bauer for their 


meer ce and assistance. 





ieee RODUCT LON 


fe HISTORICAL BACKGROUND 

Pemiapoeene st lrSte application o= active RC networks 
occurred in 1931 when Crisson [1] at the Bell Telephone iar 
MeecOories built an active repeater, which functioned to make 
up losses in telephone lines. Seoeenw 4 |) im 1938 discussed 
the use of RC networks in the realization of low-frequency 
Selective circuits. At low frequencies industors became 
impractical because of their large size and it is impossible 
Mmemeaciievye a Satisfactory 0. Scott described an RC twin-T 
Secult in the feedback loop of a high gain amplifier which 
he used to design his wave analyzer. However the fundamentals 
of feedback amplifier theory had been elucidated and summa- 
rized by Bode [3] in 1945, and they have remained the basis 
of all subsequent work on feedback, stability and era 

Shortly after Bode's work, Tellegen [4] in 1948 completed 
the class of passive network elements by his introduction of 
the gyrator. However the construction of an ideal passive 
Moron Nas not, Up to this time, 1970, proven successful, 
and many workers have been concerned with the construction of 
ideal active gyrators. Such gyrators are built with active 
elements and either have equal or unequal gyration immittances. 
Mie tirst Of these gyrators were built by Bogert [5] and 
eae pe (6), and realized with vacuum tubes. Later in PoGs 
maemo {7} built a tEransistorized gyrator and advanced a 


method of active RC network synthesis using gyrators. 





Mee wee vyent on Of transistors in 1948 also made possible 
mepmnmeer OL useful and interesting active elements. One of 
these, the negative impedance converter (NIC), was described 
eeerrrt) {oj am 1951. Shortly after, Linvill [9, 10] in 
1953 designed an active RC filter using negative impedance 
Benverters. Since then a great deal of study of active RC 
circuits has appeared in the literature. 

There are numerous reasons for the interest in active RC 
Brecuits and filters, wee 6t which will now be mentioned. 
Ideal passive RLC filters require the use of inductors and 
these, as has been mentioned before, are difficult or impos- 


Sible to realize for low frequency use. Specifically, one 


requires a high quality factor, defined by 


wh 
C= nee Cl) 
L 
where w 1S the angular frequency, L the inductance, and Ry 
the positive resistance of the winding. Practical inductors 


are subject to stray capacitance, suffer from skin effect at 
high frequencies and also depend on the core material used, 
and also on several other factors. In practice, losses in- 
crease with frequency and Q becomes a complex function of 
frequency. In the low-frequency range practical inductors 
with reasonable Q become bulky and expensive. On the other 
hand, at high frequencies an inductor may look like a capac- 
itor due to parasitics. Practically, there is a lower limit 
and an upper limit in the frequency spectrum in which induc- 
tors with good Q's and reasonable L's can be Ditka rac 


tical curve of the useful inductance range is shown in Fig. 





_oPerominaye de seen from Fig. I[.1, crystal filters are 

mseful in a somewhat higher but restricted frequency range. 
However, in the low-frequency range no practical realizable 
MmomecLOrs G©xX1St, and it 1S this deficience which active RC 


filter synthesis has attempted to solve in the first instance. 
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migure I.l Useful Inductance Range in Frequency Spectrum 
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Recently the appearance of integrated circuits with their 
small size, lightweight, low cost, low power consumption and 
Heoh reliability have made the construction of active RC 
Metworks attractive and practical. RC active synthesis 


appears to have pursued several directions. 





Poo Of Operational Amplifiers 
The operational amplifier as a building block offers 
Sertain advantages to the circuit designer since good opera- 
meoneal amplifiers are readily available in integrated form. 
Their power consumption iS modest, they are reliable, robust 
and cheap. Present disadvantages are their limited fre- 
quency range, which sets a practical upper limit to their 
Beeiuiness in RC active synthesis. Every RC active device 
Can be constructed in terms of only R's, C's and operational 
amplifiers. 
Eeeeeec. Of Standard econ Order Filter Sections 
For many RC active realizations, certain combinatiors 
of second-order filter sections may be used to produce the 
desired characteristics. The second-order filter section as 
peourtding block has been discussed by Moschytz ae Kerwin, 
Huelsman, Newcomb {123 and others and networks have been 
constructed with excellent characteristics and sensitivities. 
Peewee umulation of Inductors 
Industors may be constructed in terms of R, C and 
meerve elements. Orchard [13] has pointed out that the resis- 
tively terminated LC ladder filters have Jiow sensitivity to 
Passive element variations. Consider for example the second- 


@raer low pass ladder of Fig. £.2. The transfer impedance 


@eechnis filter is 


= ‘ (5) 
a (Ss) = Uo) — 
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PIgurer i. 2 A Second Order Low-Pass Filter. 
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Consider now the denominator. This may be written as 
2: 2 2 
eae st et 


2 Zz 
Mere 2o=h/, and (7 +, )= A/c 
The Q is now defined as we fier Soc) sist 


TKK Ww 


« 


the O of the pole pair is 
{ L 
Sea (a 


The sensitivity of Q with respect to variations in a network 


erement E is 


oe da/a 


E ae/e (I. 3) 
Bepe 2os. £.2 and 1.3 for R, L and C sensitivities are 
obtained 

a a ® ua 

> ee. 5 P= 1/2 / D, ah 2: 
These sensitivities are low and are independent of Q. Thus 


a simple way of designing a good inductorless filter is to 
design an LC filter first and then replace the inductors by 


Pelmiated inductors. ProvLoeca tne similatea inductors have 


alba 





Meecn. S and good 0 sensitivities a useful filter will be 


obtained. 


i PeMewecONsTUERATEIONS ON ACTIVE RC NETWORK THEORY 

Before the advent of MipeGgrtated Glrecuits, one of the main 
Goncerns of circuit design was to reduce the number of active 
elements as much as possible because of size cost, power anc 
reliability considerations. Wowever integrated circuits have 
eliminated this need because of the ease with which large 
numbers of transistors can be constructed on one die. Never- 
theless, some criterion or figure of merit which can be 
applied to the many synthesis technigues that have been pro-- 
posed is required. One criterion is the stability of the 
Merwork CLO Oscillation. Another useful criterion is the 
Quality factor Q, and the sensitivity of the system function 
to active and passive parameter variations. These topics are 
now briefly discussed. 

ieeueoecabi lity 

A major problem in the design of an active RC network 

is Pepi lity. Peepassive REC Circuit can never become unstable 
with change of element values, because all its poles will 
always lie in the left half s-plane. An active network on 
the other hand, can become unstable with a slight variation 
See ither a passive or active circuit parameter, because 
poles in the left half s-plane may then be shifted into the 
might half s-plane. 

The necessary and sufficient conditions for stability of 
a linear lumped finite (LLF) network can be stated as follows 


[14]: 
12 





eee eur network under a given mode of operation 
Memoerictliy stable if the corresponding network function has 
mompoles in the right half s-plane including the jw axis. 

b. A LLF network under a given mode of operation is 
miedole OF Marginally stable if and only if the corresponding 
network function has poles in the left half s~plane and 
Simple jw axis poles (if any). 

eee cuality Factor 0 

The quality factor Q of a passive inductor was given 
MmoeBgq. L.l1. Now consider ‘an Rn cioy: Simulated by a _gyrator 
/Meaced with a capacitor as shown in Fig. I.3. 
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le a eg 
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maguire I. 3 Simulated Inductance by Gyrator. 


H@ewien teat igGyralor 15 characterized by its two port 


admittance matrix 
~ 2 Ca 


where G) and G., are small numbers representing the input and 


SmepucL resistive losses, and g. and Dy, represents forward and 


Mmeenward Gyration admittances. From Fig. I.3 


et ee (1.5) 
V = me 


hs 





PaenwinPpuc impedance of the loaded gyrator is obtained from 


mes. 01.4 and 1.5, 


G,+Cs (1.6) 


Zz .4s) = 


a a4, + 4,.4, + GC 
Meestituting S = JW in the Bq. I.6 and specifying real and 


imaginary parts Reg and deg yields 


2 O1G2 + Gy Sa Sy tO CG, (I. 7a) 
Qq C4,G,+9,5, . wee 
an. eee ee (Tei) 
7. (4,4.4+ 9,5) Ww OG 
. , (i, 3) 
Zs) = Aas 4 ae Leg 


moe may be seen from Eq. I.8, 4. (v) meeraentical to a lossy 
inductor where Q is given by 
ee b 
a a Fae 
@4 GG, he Ge nw C G, 
Note that Q is a complex function of frequency w which has 


a maximum Q value 


c c 
Q pepe eS hee eG (1.9) 
mex 204.9,+6,4,) Vo GG, 


C C 
Cox aie: " i J cx S b 
C Gu Ga 


at 


Note also that as w becomes very large Q will approach zero. 
Mmemicmalsowpossipble to treat the loaded gyrator of Fig. 


1.3 in a slightly different manner. The loaded gyrator with 


14 





MeedpacitOr Of Value C. across the input is considered as 


iL 


peeeesovant Circuit, shown in Fig. 1.4 


a Alege a's 






aio) —> a 
Wal 


Figure I.4 A Resonance Circuit with Simulated Inductance. 








The input impedance 








{ : ae 
ce Ohler. 
Z, 5) > . —_—_- 
: Gar ay. K eq ‘ ae 
L eq Cc, Leg 


pets equivalent circuit is shown in Fig. 1.5. 


za aa V, 
oe 


memgurce 1.5 Eotigelentmcireuit of Gyrator Resonant Circuit 


pemrea 


The maximum resonant O of this connection can be shown to be 


— 


Q = | Jo Sy (1.10) 
a \ eG. 


eS |. 


is 





pias the maximum or resonant Q of any active RC one port 
network which simulates an inductor is seen to be a function 
Memevenclements Of the gyrator two port matrix in Eq. 1.4. 
memiaerons £.9 and L.10 show that to obtain high Q inductors 
end high resonance Q, the gyrator must be designed with valves 
er G ana G. that are very small with respect to the gyration 
admittances. Therefore if high 90 is desired, the active RC 
peeeenesis which realizes the circuit with highest Q is 
Preferred. Sensitivity of Q with respect to active and 
passive network parameters is also an important factor in 
selecting a specific Stee technique. Q may be defined 


also with respect to a second-order section as follows: 


Consider the bandpass transfer function 


; ics Oa 
mis) eae “i i a ae 
Sues ¢ S 4 Cork Oo) 


where K is the gain factor of the transfer function, o and 
Ww, are the real part and the magnitude of the imaginary part 
Of the pole pair. The locations of the zero and pole pair of 
Mee is Shown in Fig. 1.6. WO is defined as the magnitude of 
memvyecton drawn from the origin to one of the poles. Hence 
ae =— OG +t we 

The frequency response of T(s) is shown in Fig. 1I.7 
The sharpness of the peak of the response is defined as the 
[reno Of the resonant frequency Ww to the half power band 
width where 

ye te - 0) = 27 

For very small band widths 


Oo << W 
Cc 
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mmgure 1.6 The Pole-Zero Diagram of a Second-Order System. 
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Figure I.,7 The Frequency Response of Second Order Section. 


ay 





[é 


hence Lv Ce 


also Q = WW a V,, 
Zo Ao 


Therefore for very small bandwidths the sharpness of the 
peak can be defined as Q. 

As may be seen from Fig. 1.6 the quality factor deter- 
Geeeeoeene location of the poles. If Qis high @ <x w, and 
this implies that these poles are located very near the jw 
ws. if the location of poles are sensitive to the varia-~ 
tions of network parameters, there 1S a possibility that the 
Geeeeo May drift into the right half plane. Then the circuit 
becomes unstable. Therefore a synthesis method which gives 
the least pole sensitivity (least Q sensitivity) should be 
selected. 

Se) censitivity 

Characteristics of active devices and parameters of 
passive components are subject to change for various reasons 
such as temperature, bias level, humidity, aging and so on. 
The point of concern here is the effect of these variations 
on the pieete cist cé of the circuit to be designed. Specif- 
Mearbly parameter variations will effect pole zero locations, 
QO, gain and phase. Sensitivity is defined as a quantitative 
Measure Of the change in a network characteristics due toa 


change in the network parameter. Usually there are six 


Pem@eartivities Of interest. These sensitivities are: 
a. Gain sensitivity 
b. Phase sensitivity 
c. Polynomial sensitivity 


18 





Gee Olem (zero) Sensitivity 
e. Coefficient sensitivity 


bee Sensitivity 


peece Sensitivity 1S an important criterion in the design 


Of active RC networks, this subject will be discussed in 


more detail in the second chapter. 


ee ACTIVE ELEMENTS 


The commonly used active elements for active RC synthesis 


are negative impedance converter, the controlled sources, the 


Myratcor, and the operational amplifier. The circuit symbols 


meee locality zea Characteristics of these active elements 


Emeersiown in Figs. [.8 through 1.14. 








V5 KB Olt > : 


Prgure 1.8 The Voltage Controlled Voltage Source. 


In this study, the operational amplifier has been selected 
as the active element because of its easy availability in 
/Mieeg~eated Circuit form and its reliability over a wide range 
Pueeiteocuency. Operational amplifiers find many applications, 


eo 
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Bagure 1.9 (iewem@reiter Controlled Current Source 





ae. 


Figure 1.10 The Voltage Controlled Current Source. 
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moire L.1) The Current Controlled Voltage Source 
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Eaegige. i. 13 The Active Gyrator. 
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Puguiae) I, 14 ive. Operational Amplifier 


ee 





particularly in the areas of control systems, communications 
and analog computers. Because of their ie Gut put 
mmpedances (ideally zero), these amplifiers do not create 
Mmeitacciing problem for the load circuits. All of the active 
elements described before can be easily implemented in terms 
of operational amplifiers. 

Given in Fig. ma ae one eeanNeter Characteristic. The 
gain A is assumed to be independent of the frequency, temper- 
ature, and the input voltage levels, and is assumed to 
approach infinity. Hence the input impedances are infinite, 
and the output impedance Tees, However, the characteristics 
of a practical amplifier deviate from the ideal. For example, 
gain is not infinite but begins from a high value at DC, and 
decreases almost monotonically with the frequency. A typical 
open loop frequency response curve of an Pree aeional anbiifiey 
is shown in Fig. II.15, and is discussed further in section 
fame whe phase characteristic is also a function of fre- 
quency. The input and output impedances are not infinite 
and zero respectively, both have finite values. winpue currents 
are not zero and are not equal to each other; their difference 
[mene input Offset current. Output voltage is not only a 
function of the difference of the voltages at the two inputs 
feeerrerential gain), but is also a function of the magnitude 
of the input voltages (common mode gain) and the supply 
voltages. There is a dynamic range in the input and output 
voltage swings which if exceeded causes input and output to 


bewnomlinearly related. Hence there is quite a difference 


Xs 








UW 


Peeeure I1.15 The Open Loop Frequency Response of an 


Operational Amplifier 


between the practical operational amplifier and its idealized 
model. The characteristics of the non-ideal operational 

eet tiers are usually supplied by the manufacturer in terms 
@ieche definitions given below. 


1. Input offset voltage: The voltage which must be 
applied between the input terminals to obtain zero output. 


Peel moienOnriset: Current: The agifference in the currents 
into the two input terminals with the output at zero volts. 


3. Input bias current: The average of the two input 
Perens . 
ae einpute resistance: The resistance looking into either 


input terminal with the other grounded. 


Piet Capacitance: The Capacitance ‘looking into 
either input terminal with the other grounded. 


24 





6. Large-signal voltage gain: The ratio of the maximum 
Output voltage swing to the change in input voltage requireéc 
to drive the output from zero to this voltage. 


7. Output impedance: The resistance seen looking into 
SemenOUucCput terminal with the output at null, i.e., the outpvt 
is zero with zero volts input. 


8, Transient response: The closed-loop step function 
response of the amplifier under small signal conditions. 


9. Input voltage range: The range of voltage which, 
if exceeded on either input terminal, could damage the 
eimplifier. 


Peele mode rej ,eCtion ratio: The ratio of differ- 
ential mode gain to common mode gain. 


Mumeoupply voltage rejection ratio: The rate of the 
change in input offset VeRuage to the change in supply volt- 
2c Peoeneinc arte, 


12. Output voltage swing: The peak output swing, referred 
moemzero that can be obtained without clipping. 


13. Slew rate: Maximum rate of change of output voltage 
for a large input step change (measured in volts per micro- 
second). If these parameters are known it iS possible to 


approach ideal amplifier performance for a specific design 
in a restricted frequency range. 
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PEON ie SYNVHESIS OF RC-OPERATIONAL AMPLIFIERS 


eee iy LEW OF PROPERTIES OF RC NETWORKS 

PewemwOLNtie properties Of the different classes of RC 
networks are briefly reviewed as follows: 

1. Passive RC Networks 

Passive RC networks are considered as the positive 

resistance and poSitive capacitance (+R, +C) class of network. 
As is well known, the natural frequencies of driving functicns 
are restricted to the negative real axis of the s~plane as 


Shown in Fig. II.la. 


x 
\ \\\ 
\\ Se 
RVQQaAa iQ ——- F SS BE o 


meee Livia = Location of Natural Frequencies. 






it,lb = Locations of zeros of transfer functions 
of 3-Terminal Grounded Networks. 
Poles and zeros must be simple, however zeros of transfer 
functions may be located anywhere in the s-plane. Zeros of 
3-terminal network transfer functions may be located anywhere 


in the s-plane except the positive real axis and ona wedge 


ai 





of angle 21/n radian surrounding it, where n is the degree 
eeeeene numerator polynomial. This is shown in Fig. II.1lb. 


eee ceive RC Networks, + R, +C Networks [16,17] 


Ge weoeeole ttatural Frequencies must be located on 


Sime negative real axis as shown in Fig. II.2a. 
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Cu. I>. = 
Figure II.2a - lhLocations of Natural Frequencies. 
tite Me enocat1ons Of Poles and Zeros of Driving 


Point FunctELons. 


: MMC Mec ations Of Zeros of Transfer Function. 


Poles and zeros must be simple; zeros of driving point func- 
ememorMay be anywhere on the real axis as shown in Fig. II.2b. 
Zeros of transfer functions may be located anywhere in the s- 
plane as shown in Fig. II.2c. This class of network is 
capable of voltage gain over the entire frequency range al- 
mimeo Plas Li.2 differs relatively little from the Fig. Tees ee 
Eemeeeced eG Re and Gyrator Class of Networks [{4, 18, 19]. 
fm omvoll known tilat a CadDacitively loaded gyrator 


Mmipmmates sat 1S inputs an inductor. Hence the RC-gyrator 


ae 





class of networks must at least be as general as the RLC 
class of networks. Hence natural frequencies may be located 
anywhere in the left half of the s-plane including the jw 


mrs aS Shown in Fig. I1I.3a. 





iis 
Ge NX a 
ae 
Megure I1,3a@ - Locations of Natural Frequencies. 
; Meroe nocatlons Of Zeros of Transfer Functions. 
Poles and zeros on the jw axis must be simple. Zeros of 


transfer functions may occur anywhere on the s-plane as shown 
in Fig. I1.3b. Because the gyrator is a nonreciprocal network 
element this class of network is capable of nonreciprocal 
behavior. 


4. Passive RC-NIC or Operational Amplifier Class of 


heerereen(20)7 21, 22}.  & © © 

The stable natural frequencies must be located in the 
left half s-plane including the jw axis as shown in Fig. 
Iil.4a. Natural frequencies on the jw axis must be simple. 
[ecw on Gtiving point functions and zeros, of transfer func- 


tions may be located anywhere as shown in Fig. II.4b. These 
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properties are also shared by the passive RC controlled 


Source class of networks. 


A }w 





oe no 

. 

SS . 

. 

MK 

a b 

Mmegure 2if.4a - Locations of Stable Natural Frequencies. 
. Mimtomer LOcCatlons Of Zeros of Driving-Point and 


Transfer Functions. 


MeekC Detvying Point Function SyMenesvs 22 |. 
aos cer FOLrms 
An RC driving point impedance can be expressed 


in the form of a partial fraction expansion as follows: 





a Oke 
Zsy= ke + zai S455 (ete) 
< 
Himes tt can be synthesized as shown in Fig. -II.5. This syn- 
thesis iS known as first Foster form. Also for a given 


Serving point admittance it is possible to expand Y(s)/s as 
feetne form Of Eq. IIT.1. Then Y(s) can be expressed as 


follows: 


ae Chai) 
ees) Sei. + Ko a eo 


© 


Thus it can be synthesized in second Foster form as shown 


Moe ag. Li.6. 
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C= 4/, R- Ko o 
K = Ix Je. 
Ba) ze 
megure 11.5. Weer ooter Horm Realization of RC Driving’. 


Point impedances. 





Begure IL .6 eceond Poster Form Realization of RC during 
Admittances 
b. Cauer Forms 


Another way of expanding the RC driving point 
functions is the continuous fraction expansion. This contin- 
Pere eiubactiOn Expansion Can be synthesized in one of the 
two Cauer ladder networks shown in Fig. II./7. 


Gre Synthesis of Complex Transmission Zeros with 
Parallel RC Ladders. 


Active RC synthesis frequently requires the reali- 


zation of passive RC three-terminal networks. Two well known 
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methods are the Guillemin parallel ladder synthesis and the 
Fialkow-Gerst successive ladder development, which will 


subsequently be described. 


A 





~ +9 -- AW 


a 





CL, 
an —. 
7 ee 
megm@re I1,/a —- First Cauer Form of the RC Driving Point 


Pune erons. . 


‘ Me is 


second Cauer Form of the RC Driving Point 
PME Ce. ONS, 

Most of the active RC network synthesis techniques assume 
a predetermined structure together with its associated net- 
Werk function. The circuit function to be realized is com- 
pared with this function and network parameters are deduced 
Peemetnis 1dentification thus completing the RC network ae 
thesis. As a specific example consider the structure shown in 
Mmieeki. gs. This circuit consists of an operational amplifier 
with voltage current feedback provided by the passive RC 


three-terminal networks No and N Suche that tie voltage gain 


lene 
is) 1S given by 


oe 





ees) = =. (2) / (+) 
Ware. eo Cine 3) 


Y 39, (8) Pomtiewtranscee:, admittance of the three terminal 


RC network No and Yiop (Ss) Peeune tranuster admittance of the 





Figure II.8 An Infinite Gain Structure 


other three terminal RC network Ny: When a rational poly- 
nomial N(s)/Q(s) iS given as the voltage gain T(s) to be 


mealized, then the ratio N(s)/Q(s) must be identified with 
the term “Yiog (8) 7Yz op (5) - The usual selection is 


Y = N(s)/D(s) and Y (je eeetciyb(s), When form 


12a 8) 12b 
ing T(s) only the numerator polynomials of the passive RC 


ained 
networks No and N, namely Y15,'8) and Y 104 'S) are retaine 


b 
hence the knowledge of N(s) and Q(s) is necessary but insuf- 


ficient to synthesize either network i ele Nye Simce. a 
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denominator polynomial D(s) is also required. The missing 
information can be found by a RC synthesis of one of the net- 


works, say NS in texrms of V5. (5) and vane) 


As an example consider the numerator polynomial N(s) 
feeyven fOr the synthesis of a three terminal RC network with 


parameter ¥,,‘s) and Yi Ss). ire 








Ns) P¢s) 
so 


pee os ; ie = 
re DCs? a ) Ds) 


- 


where D(s) is the Peete menenimator and P(s) is the numer - 
Eweor Of Y,, 6S) which is arbitrary, but must be properly 
chosen. Note that no private poles are allowed in ac 
mes) Nas all its roots on the negative real axis then the 
network can be synthesized by a single ladder. If N(s) has 
complex conjugate roots the network can be realized either by 
Guillemin's parallel ladder technique [24] or by Fialkow - 
Gerst's [25] successive ladder development. Now, these 
techniques are discussed as follows: 

a. Guillemin's Technigue 


Given the numerator polynomial 


n- 


a 
N(s)= als 4-1 S a Ee A ce Of “Ele 


viel 
transfer admittance ~Y¥45(s), the sequence of Guillemin's 
technique is as follows: 


Gime bDryrdeeene polynomial N(s) anto smaller 


Peltynomials with real roots such that: 


py = N62) +N, Os) 4 re ENG) where 
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2 2 
N, 9) = Aes ral Gb 
ri- | : 
Ny oS) = See = ae, OY S ( if 1 ee odd ) 
r} : 
DN Cay = ee 5 . ( re 1 4 even) 


Wimeelertine a pollynomial D({s) of degree n 


ween negative real distinct roots such that 


MRO )C Ste) ce (sa 7,) 


ae EO Sa PS A) i 
¢ 
(os) Define N transfer admittances such that, 





(4) ) (2) Notts) (N) NC 
ca oa ao = —- ose =| Cre! 
A‘L Ds) a2 DCS) Ag [yCs) 
thus 
N me 
(a) 4 Nos) 
cs ‘| > a EE ee ae ae 
4’2 ae DCs DCS) 
a4 fee 
(4) Define a polynomial P(s) of degree n such 
mela tC 
5 = n a eee ae! eee 
Cs) = eS. S Bie AS Cc .% ey; 
eae Ceo Ga )ercrcee ( See 
Wien the Fialkow - Gerst restrictions 
a a. ee) te 





and the interlace requirement 


5, MEG é oo Bre yas Zo ern 
The driving point parameter ¥,,(s) is defined 


a 
ee OCS) 


fo Expand Yj 7 (Ss) into an RC ladder using the 


Meno Shifting technique [23] such that the zeros of the 


(3) 


fmeanster admittances “Yq5 


(Sse yare realized in Y1,(s)- Dis 
(1) 


1s done N times for each Yio 


1 Sl eee 


(1) 
2 


@emwlthin a multiplicative constant Key such that 


fee oweccemmnague cTealizes Gach —y (s) only 


Co) («) 
e (4) — K L Cs) 


, < . 
eels, oA 42 aie Gide 


Before connecting the N three terminal RC networks corres- 


VG 
¥12 


aqgmittance levels must be adjusted because of the above men- 


ponding to each pair Y1,(s). (5) iveatal lel their 


tioned constants Kee which are found by letting s = Jw; and 


considering the equality 
(4 ) (x) 
| C yw) = K . = (ju) 
iz 


42 
2 P 
: real.zed Ocoee ca 


@meebetane avcommon scaling factor K such that 
IN 


| ee 
K ? as 


et 


Then multiply the admittance level of the 1 network by 


fore —wie2,)-»-, N and connect the networks in parallel. 
ib 


The resulting network has a short circuit input admittance 


A| A 
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of Y1 6S). and a transfer admittance of Ky15(s). 


VsmadteexamplGc (26) consider a given numerator 


melynomial N(s) of a transfer admittance - Yji5(s), namely 


2 
reese 2 Ss 


Meyeeids a Palr Of comples conjugate poles at s= (-4% 2 


Certs) 1S divided into two parts 


aa 2 
Ne Gs) = V2 ec Nk) Ss 


(mes) 1S defined 
Dis) = £=(stl1l) (st+2) 


(3) Two transfer admittance result, namely 


”) 








Oe 
y25 + 1 (a) S 
—t{ (s) = ——-——— —~t) (s) =————————._ (II. 5) 
Jy. 7 (s+#1)(s+2) ° Sea (s41)€S$42) 
Thus 
oer 2, le 
a oa\ (s) = = 
ie Gael S42) 
(a) Pts) 1s defined 
Ge) = ( « ae ee. a ee 
=(s4+ )(o+) J ssa = 
hence 
wor Pts) 7 (s4 4) )(s42) 
1" ee? (rer) t 5 4.2.) 


Cy ¥}7¢S) is expanded twice, first realizing 


Ml 
% = -t/7 Ne OS Or -yi3) (s) 


—s 


the zeros and secondly 


realizing the zeros Z, = 25 = 0 of yee ce 


These expansions are 





d 
ine uu ($s) =e 
oS, 
Ve AZ > De Lae Pale 


C-24% 
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2 yy (s) a ta Se ee 
Ze 4 , 
4A Et ee ee ft 
Cae 1S { 
aR A 
wa 

ae fore) st ee 
Ones & 275 


Meo cresult in the structures shown in Fig. II.9 and II.10 


on eee 


{ 4b G22 6 29= 
¢ : | nef) 
He See) 
a —————s 


Figure I1.9 First Expansion of ¥11(s) 


o.34f noe 7 | 





BaEguze 11.10 Second Expansion of y,,(s) 


(G) Ky and K are found as follows: The desired 


oT) 





values of Sy peemogiven Dy EG. 11.5. The realized values 


are taken from Figs. II.9 and II.10, 


flee (a) oy 


SO j a) CO} Oe > ea Ce oS 
42 
aiicnce 3) De s, fc aA 
Therefore K, = 1 
ae 
2 (2 as 


) ) 

~ ~~ so CAG. es Ca) aaa 

Sew J, Bee sy ens 
een ies Ores Cink 


mieretore K., =m OS 3 


(ek, Rye K/K, dae wrounGd trom Bq. 11. 4 
K = 0.0503 K/K =O 0503 K/K, SoS 
Tie admittance levels of the circuits are next adjusted by 


meet iplying by K/Ky and KK. Picwiiiatieerrcult 1S shown in 


img, LL.li. 


{et 2 


49.9 vr aes 





= 


L 






0.24424 0.03622 


| | 


2.44 De Se tt 


Puogure 01.11 Example of Guillemin's Technique 


38 





b. Fialkow - Gerst Technique 
Guillemin's procedure imposes a gain factor K 
on the ¥12 'S) which might not be desirable in some cases. 
The procedure which will be discussed next gives the exact 
required transfer admittance. 


Given the numerator polynomial 


ti 
Nis) =a ,s 44> eee es et of the 


transfer admittance “Yj5 (5) the sequence of the Fialkow - 


Gerst technique is as follows: 


(1) Define a polynomial P(s) of degree n such 

ehat 
\ a \ yi-7 \ \ 
me eae Ss t+ Dats Shes ae * d- b, > 4 eee 
oc nN | C 

SG ore eo CS a | 
where A Cit eG 

ee Zz. aioe 5 Oe 7oO 

and 

OL by K-07 Lba 

as mentioned before in the Guillemin procedure. Then define 


the voltage transfer of a three terminal passive RC network 


ao 
eS) oNG) =o Sia 
rcs) 4 _ (5) 
22 


The polynomial P(s) is identified as the numerator polynomial 
of Yoo(s). Neteowthatela, TE,6 satisfies the Fialkow - 


PoenaiLtions. 


(2) Define a polynomial D(s) of degree n-1 such 


einiey tt 
ie ees (4 wasn o. ) ee ga. Si 7 Teme 


Sy, 





where 
ae —e-- 2<.---. aes, 


Then define the driving point admittance Yo5(s) as 





2 
Ds) 


(3) Expand Y55(s) in the canonical form 
n-+4 


Ces 
Se CS)es Se C+ a 
J, 6) = ) sie 


ee | 


- 


Then split Y55 (Ss) iio LWwOM Dar tS 


r)--4 Meas 
x 7 3 AO 1G aS 
Li (5) | S + a] ef t+ Cease Cr ee) 
Jo. Soy Su 





1 = 4 4 =14 
pmere O04 g-<i . Define two driving point admittances 
y (1) ay 
Y55 (s) and Yo (s) 
(1) a ee, SUE 
temecs) = + 9 — ) cur oa) 
Joy ——\ es 
{=4 
ae i 
(2 —~ x ; 
y Gs) = ( < fe 2 eee ag (II. 8b) 
vie S47: 


The parallel combination of three terminal pees RC networks 
meee Pig, I1,12 implies Eqs. II.7 and II1.8. 
Ce) Sei ciply ye aS) and ys) (s) by D(s). Note 
that this will give P(s) in two 
Pls) = YtsDes) = je 69) DLS) 4 Sy GS) Ds) 


More specifically 


m-f 


. v) 
ee aoa toy nae 
fie) = 7s) 4 Pp, (s) =[s ye )+( : bh 5 ; 
os fm 
: oo 4 


< =O 
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meqgure IL.12 


(5) 


Evo parts 


y= | eee ae ’ 
N(s) = N,Os)4 uetsy= (5 +) aa? }: O 


where C < ar < b 
7 4f 
Meee that 1, 4 Ay 
ae <. |. tera Ch 
a c 
(6) 
(4) ‘ 
ct eee MaG) 
22 O¢s) 
(4) Na (s) 
| Coe 
AL G3) 


Po iesciewmumerator polynomial N(s) 


The Fialkow - Gerst 3-Terminal Network 


in eC 
ele 
: ek 
Mf 
Cee, GOES b. (Chie) 
> — 4 7 & 
Ve (Gi \ 

= GA, and be 4 We Since 


T1.9 can always be satisfied. 


Identify the following terms 


(z) 


a : 
) | So Hz (s) 
2% es) 

(2) 
; eo CS) tao ne 
is) 


4l 


ee 





(0) cc) 











cya ae) NG) Sete) NG) (rr. 10} 
4 (s) a on . ee PGS) ) i s i ues) 7 ia CS.) 
Ves (s) Z2 
ae (2) 
| ane 
wee, = — NOS) _ NiGsyanec — Sa 89) 4 San) (IT.11) 
Pe, oO - ia (4) (2) 
ines) 12 (SD Ses Sy eee 


Note that the Eq. II.10 gives the voltage transfer functions 


Memeene Sub=-networks shown in Fig. 12.12, and Eq. 11.11 gives 


MmemvOltage transfer function of the overall network. 


icine 
Melo Can be rewritten as follows 
ry —-1 ; a 
—~——f / a at 
> neh : / n-4 f 
fort cl 1 5 ey ge 7 CL, 
4 =O Se r 
T,(s) =~ —£S_______— = -— ) 
A ri— J f rl-- 4 / 
ee eos ci - —{ hy S -|- Pes? Zs + Lb 
i! S r? 7 
‘$ iw 
470 


5 ee ete 
me cl at O 
7,48) = — pemee OE ENS 


Ae 
moece that both Ls) and T. (s) are at least one degree simpler 


ean 1 fs). 


(7) Reduce the ope) and y $2! (s] EO mien 


following form 
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f a 
a ee pan = 
yo) Boy, ett Os Yes) 
Ze 3) b 5 
rig tl 
oe 
4 =0 
4 ies) f 
y™ = ——<—.. ~ RR 4- ., 
S hse ‘ on 
Ze ee > ed 
rl--A 
a= 
mres last reduction is shown in Fig. I1.13. 





Pagure I1i.13 


Development of Fialkow - Gerst Synthesis 


Note that the two new subnetworks y Ot) and y ‘2? have the same 


eransfer functions T, (s) ana T. (s) Since 


feos eo Vo 
os ane = 


(8) fimo une wy stranster acmittances as follows: 
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a (1) 


fer 7,0)-¥,,6 
(2) _ (z) 
eis co) = iGo) TS. 
At this point of synthesis one cycle is complete. The 


transfer functions and the admittance matrix of the new sub- 
Meeworks are known. If the transfer functions and admittances 
are of first degree they are realized as ladders. If their 
degree 1S greater than one, Shen the same cycle is Poaembea: 
Mmecmloeginning of the Step (3) for the sub-networks. Thus, 
ene result is an expanding parallel ladder structure as shown 


moeerg, I1,14, 





Bregure 11.14 Fialkow - Gerst Three Terminals RC Network. 
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As an example consider a given numerator 


polynomial of a transfer admittance - Y's), namely 
ee 
Nis) =5 +V¥2 544 
A polynomial P(s) is selected 


eS. Sar Gees) 
hence 


pee: 

5S 42 5 a4 

LS 
Sago S48 


(s) is defined by selecting a polynomial 


2 
Dts) = 6 + 2 
Thus 
gs 4+ 454% 2 ss 
S = eS a Re OO Ol TT 
J2.6) St 2k ae Se 
Y57(s) is decomposed into two parts 


f 
(4) 44 S 
t. aa a, a ene 
a =(s+ eres 





Crm Z 4 > 
eo | 
a2 é. Se 


2) 


'(s) and y4% (s) by D(s) gives the decomposition 


Maitiplying ee 
ee Ps) 


q = ) 

> oe os a> i 
(so) = > ( ee: )+ ( a 

N(s) 1S also decomposed arbitrarily 


- elo +4) 
NI (s) — = ( S + V2 ) -|- ( er S -t ( 
Hence T, (s) and T, (s) are found 


a9 Ce a i, Ae) co Cs. (Yi > +4) 
| ° (%, 5 4+ ey 
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es Cs) and ye) are reduced and Ya, (Ss) and y55) (s) 


are determined according to 


4 de 4 Fr d 
(4) a Gs mee ees 6S 6 5) 
a. ‘°) ra 2 
4 St ve a 4 
4 (S) Th a2 ee Cs) 
ze | 
where 


(4) Z) | | _ 
Pees) = oe on 2S e pa) Soe SA 40.5 


and 


(4) (4) (7) (2) 
yi (s) = a) te We (S)= TY, Ge 2.4654 2 


Pemree the new transfer functions and admittances are of 
First degree there 1s no need to recycle again. Thus the 


mmal network iS given in Fig. I1.15. 


Both Guillemin's and Fialkow - Gerst's techniques 
are long and tedious. The Fialkow - Gerst synthesis becomes 
very cumbersome for degrees greater than four. Guillemin's 


technique is done in one cycle, however if the degree is 
greater than three it is only possible to find K, and Ky by 
Substituting a value of s=0 and s=”, For K., Tha G 2S 6 ONE Ak 
eemumerical value for S=Jw. must be substituted and this is 
also a long and tedious process. Further, the zeros of N(s) 
Pie lie in the right half of the s-plane cannot be realized 


by these techniques. For the second degree functions it is 
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Gf 


1.4254 
OG 7a 
amo 2-7 
pee 
| as 
, AN 
Crt 26 1 | 
0.4432 i 3.644 


Peeogure II.15 The Example of Fialkow - Gerst Synthesis 


possible to use some well investigated circuits such. as the 
meet sand bridged—-T circuit. Such circuits and their 


emesacteristics can be found in literature [14, 27, 28]. 


Pee oOTABILITY 

The necessary and sufficient conditions for stability 
were mentioned in the introduction. Consider now a single 
Meo@omnegative feedback circuit Shown in Fig. II.16, so as to 
Seucy the stability of active RC structures. 


The closed-loop gain of this system is: 


Vo Al, (s) 





1 eee 





AS 
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YG) 2.09 | 


a 


meecure IL.16 A Single Loop Negative Feedback System 


where A, (s) is the open-loop gain and A, (S) +B Memiee mil ecegeiic 
loop gain of the system. If [1+A (s) 8] vanishes at some | 
frequency Woe then ~* will become infinite and there is 

a jw axis pole at Ro... which indicates instability of the 
closed loop system. If [1+A (jw) 8] = 0, then JAC) wo) | 
And so Ne Cy) P eet eaumoda etultiple ct 7. The Bode 
Ste rioOn for strict stability follows from these remarks: 

A single-loop feedback circuit is strictly stable if 
at the unity crossover frequency Wo of the loop Gain; che 
phase angle is less than 180°. 

Assume that the Bode plot of the loop gain is as shown in 
Fig. I1.17. The figure shows that the phase of the loop gain 
reaches 180° between W and W. mole tne Gaim rolls off 
Mmeeley ©@ceave. Therefore, Bode's criterion can be restated as 
wellews: A Single loop feedback circuit is strictly stable, 
Mmemage the zero db crossover frequency Wy Gimenc VoOOp Gain, tiie 
Heep gain has a slope of less than 12db/octave. 


Mmemenereware two active RC structures which realize a 


circuit function and if one of them is unstable, then certainly 
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Pew sotallie One must be selected unless it is desired to 

mertd an oscillator. However, if both of the structures 
meemotable, then the more stable one must be selected. The 
measure of stability called the Ratt margin and phase margin 
MeeaisO Shown in Fig. I1.17. The gain margin is defined as 
m@iewgain increase needed to drive the system into instability. 
The phase margin is defined as the phase difference between 
Mero crossover frequency and 180°. In most cases a satis- 
factory phase margin guarantees a good gain margin. However, 


cases exist in which both margins should be considered. 


mee COENSITIVITY 

The sensitivity function which was first mentioned in the 
Maer oguction is now defined. 

ic etcitivyity Function 


aes) 
ik 


The sensitivity S Oe steemmetwork function T(s,k) 


due to the variation of the parameter k is [14] 


TCs) 

a Mg pho) Te Fa 

i. e ATs, kY/TEsk) Cr ieon 
k dk fy 


The sensitivity function assumes an.incremental 


Smemge in parameter k. From Eq. I1.12 two relations can be 
derived: i 
ae wt 
ih. mar 
Further if ine Rene.) then 
8-5." 
mi iv, «,, 


2. Gain Sensitivity and Phase Sensitivity 
For the sinusoidal steady state s = jw and so T(s) = 


magia). Hence 
49 





20 Lea] A, (jw) 2 








6AvJoc} ave 


W 
| 
cet Ga. a ees 


| 
pent eee 


a 45 db /ochave 


A 


fPemetiee 17 17 The Bode Plot of the Loop Gain of the 


Feedback System Shown in Pie Sn O16 
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TS oe Rianne) Ce) 
K - d k/k 


Peeing T(j¥) which is complex, in polar form yields 


a! are ir ( 3 )| 





Tj) =| Te 


The gain and phase sensitivities are now defined as follows: 


a [Tepe 
Gain sensitivity = 1). 


; awa grg TOM] 
Phase sensitivity =, 


Kk 


See folynomial Sensitivity 
For some applications only numerator or denominator 
Perey nomtals Of a circuit function may be of interest. For 
example, in bandpass transfer functions the denominator 
polynomial of the transfer function determines the response. 
For this case the polynomial sensitivity is defined as 
follows: The polynomial sensitivity of a polynomial D(s,k) 
with respect to the variable parameter k is: 
ae a d O(s.k)/pts.kk) 
“k 7 dk/k 
4. Zero Sensitivity and Pole Sensitivity 
It has previously been mentioned that the motion of 
Peles and zeros from the left half s-plane to the right half 
s-plane can render a circuit unstable. Hence zero and pole 


sensitivity is of great importance in active RC network 


oye 





mieory. For example in a highly selective bandpass filter 
the change of location of the poles can be ot Crucial: ain 
two respects. First the change of pole location causes the 
resonance frequency to drift which might violate the 
Specification to be met. Second, and more important, if the 
Mem@reectrvity 1S high then the original locations of the poles 
are near to the jw axis and a drift may cause them to move 
feeoecic right half of the s-plane. In that case, the 
System becomes unstable. Hence it is important to minimize 
pole (zero) sensitivity. 

Pole (zero) Beery 1s defined as follows [14]: 
Let s = Ps be a pole (zero) of T(s,k) when k takes its 
nominal value. The pole (zero) sensitivity of T(s,k) is 
then defined as: 


Mm df; 
IK dk /k 


It 


» 


5. = ?; 


bee Coetficient Sensitivity 
The coefficients of the numerator and the denominator 
ei nomial Gieaenetwork are implicit are oioae ei etlievecs alles 
parameter k. The sensitivity of the coefficients with respect 
to the variation of parameter k is defined as follows: 


Let a 


i 
PCs ,k) = 2 8 


j=e 


Mewepolynomial of interest. The coefficient sensitivity is 


then defined as: 


Sy 





ge i day [a; 


7 dk/ik 


foo oensitivity 


The Q sensitivity with respect to a variable 


network parameter k is defined as 








MiemOmsemaltivity and the pole sensitivity of a 


complex conjugate pair of-poles are related [14]. Since 


2.07 


~~ 
—_ 


x 


f 
jmieecan be proven that [29] 


4’. 
gl aout ms 
ia = Qe p. 


< 


imeemaelattons between Sensitivities 


Se omerncecmOont SGensitivities have been defined above. 


They are not completely independent from each other as will 


be shown now. 


Meee lecmana zero Sensitivities, 


These are related 


memiene Sensitivity function of a network function. Consider 


Pepe ework function Tis). 


rr) 
eee. 


Tis) =K == 


where k is the gain factor or multiplier. By simple sub- 


Belemerons it cam be proven that the relation between the 


pole, zero sensitivities and sensitivity function is as 


Boeilows [30]. 
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Pree oeynomial root sensitivity: 
sum of the root sensitivities of a polynomial will be 
presented with the aid of bilinear forms of a network 
mection. : 


Let k be a variable network parameter and T(s,k)’ 


any network function of the form: 


It 1s possible to express (T(s,k) as follows: 


Nesey ON, C3) + kN, (s) 


wos, k) = DCs, D,(s)+ kD, 4) 








and this is called a bilinear form. Consider a polynomial 


P(s). 


PY S c) = Dy <! [he > aa 


n n-4 
amt hel ke) ae b +ke a —— 


at n-t 


tee re ae) S tees le) 
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@uemeoun Of the root Sensitivities of P(s,k) with respect 


to the variable parameter k can be expressed as follows [31]. 


Mire lat roma between Lhe root Sensitivities 


fmmencoetficient sensitivities follows: 


n 
ie Ow, pA, Ct 
d ee | rind 
[14] »S, =(S °+ 5, ) - 
yet 





n ae 
oe Nn = pate 
; Seer ee, 1 7 ) 
[14] ee ( ) ti Dy 
d 
i 
— 4 
f. CRB ces (3 
4 ay: Cie f ) 
[32] am es > -_— 


where 
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Pee COMPARISON OF DIFFERENT RC ACTIVE STRUCTURES 


and 


Mew ACctI ve GCevices which are used in RC active network 


synthesis have already been presented in the introduction. 


Each device has its own advantages and disadvantages. 


Fox 


example, operational amplifiers are cheap and readily avail- 


able, on the other hand, they are not ideal because their 


DD 





gain is finite and neither the input nor the output impedance 
are infinite or zero respectively. Moreover extreme care 
Meee eC taken to ensure circuit stability. Nevertheless 
mmeeecosstul designs do exist and it appears that the RC - 
Operational amplifier combination will become the standard 
meeer building block. Moschytz's [11] and Newcomb's [12] 
designs may be mentioned in this respect. 

Conerolled sources nave also proven successful as active 
devices. Some of the circuits listed by Sallen and Key [33] 
have excellent sensitivities. The finite gain amplifiers | 
Mmeeessary for these structures can be built with infinite 
Gain Operational amplifiers connected in feedback configuration. 
mimewOoverall finite gain is then the ratio of two resistances 
and this procedure leads to excellent gain stability. 

Gyrators are also good devices to build active RC struc- 
tures in the low-frequency range, provided that they have 
Small input and output losses. In the introduction it was 
found that they can provide high Q's with careful design. 

NIC's have an inherent disadvantage because in good designs 
they wae from sensitivities which are proportional (EO Os, 
This may be seen by considering a second order denominator 


polynomial with nigh Q. 


=) 2 
Dies} = 35 +7735 + &, 


Titeowsuniectuem Can be decomposed into two parts, one of 
which has negative real roots and the other has the root 
s = Q. 


a 


= z - 
Mea cst wm, =(2 ¢siw,) -k%5 
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mWoere 20 = y — kn and k is the conversion factor of NIC. 
Ewch a decomposition has the best pole sensitivity as 
meeoved by Horowitz [34]. 

Now the Q can be expressed as 


Coy) vy 
a a = 
TRG 7] 





hence 
HO Ns 
Dh - ge 
Bs 


—: ; fe ° 
Because the roots of ($s 4's eer.) are negative and 


ea : 
real )' >2u_ and so oe, ee | 
N K Qo 


or a ene (lel ete) 

meudation Il,.12 gives the PeSmmOmsensltavity wiich can be 
Beeained. Therefore the RC-NIC circuits are not suitable for 
Meg QO realization. 

Another important factor concerns the sensitivities with 
Meeepect CO passive element variations. 

If the circuit is to be integrated this becomes very 
important because the tolerances of diffused integrated cir- 
cuit resistors vary between 10% - 20%. Also the temperature 
Se-miicients of integrated resistors are of the order of 
moon — 3000 pom/C°. However if the circuit function of an 
active RC network can be made to depend on resistance ratios 
Mmrstead Of absolute resistance values, then it is possible 
to achieve 1% ratio tolerances in integrated realizations 
melee furthermore resistors will track each other with tem- 
perature. The passive element values must also be carefully 


Bigesen SO as to be suitable for integration. 
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Reasonable resistor values lie between 1002 to 30 KQ 
[35]. Capacitor values lie typically between 500 pF to 
meee pr {36] in monolithic semiconductor design, but lower 
mmeues of the order of 10 to 100 pF are possible with ite ack 


semiconductor technology. 


fee LC OPERATIONAL AMPLIFIER 

Since the operational amplifier is the basic active build- 
Mmegeolock Of all circuits described in this thesis it is 
Meeeosary to discuss practical operational amplifiers in more 
@etatl! thar was done in the introduction. For example, in @ 
practical operational amplifier one of the significant char- 
Meter isticsSs 1S input offset voltage. In a practical amplifier, 
a finite output voltage appears even though the input termi-: 
nals are shorted together. This is undesirable as it degrades 
common mode rejection. In practice it leads to Me teas of 
PmenwouLDUL Signal swing. The DC input voltage that causes 
Mirenoutput to go to zero is called the input offset voltage. 
meesvaluce 1S usually given in data sheets for room temper- 
atures. For other environments, it has.to be determined 
experimentally. 

The amplifier's finite input impedance is another source 
@ewerror. Hach input requires a small bias current and this 
B@erent is not the same for both inputs. The difference is 
expressed as input offset current, and it is specified rela- 
tive to the average input bias current. Another important 
deviation from the ideal is the change in voltage, current 


and gain levels with temperature, and this is called drift. 
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Further, input impedance is defined separately for differ- 
mere! and for common mode operation. Differential input 
Mmeemetcance 1S defined as the resistance into either input 
terminal with the other terminal grounded. Common mode 
Beetstance is the resistance between inputs and ground with 
both inputs shorted together. Common mode input resistance 
memecoually high (20M.to 100M2([37}]) and can be assumed 
infinite in most cases. However, the differential input re- 
Sistance may be low as a en thousand ohms, and does affect 
mieeclosed loop gain. Output resistance is the resistance 
seen looking into the output terminal with the output voltage 
Signal at zero. Its value is usually about one hundred ohms. 
The open loop voltage gain is the ratio of the maximum 
output swing to the change in input voltage needed to drive 
the output from zero to this maximum. Ideally the gain from 


one input to the output should be equal and opposite to the 


gain from the other. If the same voltage were applied to 
both inputs, the output should remain zero. In practice equal 
changes in both inputs produce an output. Common mode rejec- 


tion ratio is the ratio of differential mode gain to common 
mode gain. 

Maximum output power usually occurs at some output voltage 
below the rated maximum. Maximum output power is the product 
of the voltage at this point and the maximum output current. 
The maximum voltage that can be applied at either input of 
the amplifier with respect to ground is the input voltage 
mange. Exceeding the specified input voltage range can dam- 
age the amplifier. 


Do 








The most important characteristic which deviates from the 
ideal one is the open loop frequency response, which is now 
discussed. 

ie Open Loop Gain 


miewepen Vooo gain of a practical operational amplifier 





is a function of frequency. It can be approximated by the 
expression 
Ao 
a es) = (ime) 3) 


Cs £ yw, )C S 4+ J v2 C a j ww, ) 


where Wyr Oe and W. are called the break points of the 
Sharacteristic. The Bode plot of Eqn. II.13 is shown in 
Meee LL.18 with solid lines. 

The closed loop gain of a single loop negative feed- 


back system was given in the section on stability as 


ee fA. Cs) 
oe 
| ee ay 

The loop gain was defined as A, (w).6 and may be expressed in 
decibels 


ZoleglA.ts)f| = 29 04 LAG] — 2e beg (4 /¢) 


Pmomtie magnitude of this loop gain is shown on Fig. II.18. 
As may be seen the loop gain has a crossover frequency 


Wo iets PODewOrel2 dpo/oct., therefore the feed- 
(uncomp.) 


Peek system 1S unstable by Bode's criterion. If the amplifi- 
er's open loop gain is compensated as shown with dashed lines 


merig. £1,88, then the rate of closure, i.e., the difference 
i 
6 


HOOp gain at the new crossover frequency w would 
(comp. ) 


Smeslopes of 20 log(s=) and 20 log AG Ss), or the slope of the 
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meeome Tess than 12 db/foct. and the system becomes stable. 
SeeeeconcluSion then the open loop gain of an operational 
amplifier must be compensated before one attempts to design 
an active RC network. 
2. Compensation of Open Loop Gain 

There are two methods of compensating the open loop 
Gain of an operational amplifier namely internal and external 
Compensation. The practical operational amplifier in general 
is provided with at least ene terminal where additional net- 
work elements can be connected for internal compensation. 
Consider such an operational amplifier shown in Fig. I1.19a. 
ieean external capacitor Cy 1s connected as shown then the 


Seen Loop gain becomes 


pee feta) Ye. 


Cea Sie. 


where a 1/R,C,- By adjusting the value of the capacitor 


C, it is possible to choose the break point We Suchweiat 


at Wy the loop gain became less than unity. This compen- 
sation gives the dashed curve shown in Fig. I1.18. Another 
internal compensation scheme is shown in Fig. II.19b. This 


compensation gives an open loop gain 


A a R > Hots} : Cos 4+ We) 
Soe er Gs 4 ae 





where on 1/R,C, PO ea 1/(R,+R Ee 


9) Cy and so 002 > “el 


11g WO2 


gain will have a slope of 6 db/oct. from w 


is chosen to be equal to Wo the compensated open loop 
ai © Wo A 
proper selection of Wor Vigra cire taat. cic 0 dp Crossover 


Brequency occurs at 6 db/octave slope. 


ow 








mequre TL. 19 Internal Compensation of Open Loop Gain. 
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Another method of compensation is external compensa- 
tion, which consists of connecting an RC compensating network 
Meeween Output and input as shown in Fig. II.20. Here, the 
Mmeequency response of the closed loop given is modified to 
Smoure the Stability. Consider for example the voltage 


mavyerter shown in Fig. I1I.20. 





Figure II.20 Externally Compensated Voltage Inverter. 


The closed loop gain is 


Acs) =- Ke ae 

ee Cs4uy,) 

where OW = 1/RLC, - Bi Cy 1s chosen such that the breakpoint 
associated with W,, occurs before the crossover frequency 


WS then the rate of closure becomes 6 db/octave and 
(janicomp. ) 


a stable closed loop operation is obtained. 
Sev amecine ld wA747C IC — Operational Amplifier. 
In the experimental part of this thesis the Fairchield 
WA741C integrated operational amplifier is used to realize the 
active RC networks. One reason for selecting this amplifier 


is that it is internally compensated by the manufacturer, 


6 4 


Making 1t unnecessary to compensate by any of the previously 
mentioned methods. The specification sheet for the opera- 
meenal amplitter 1S presented in Appendix II. The open loop 
meeaeency response of the particular amplifier were measured 
mmeoectae Setup Shown in Fig. £1.21, and they are found quite 
pn agreement with the manufacturer's specification as shown 
maerig, I1.22. 


ay sensitivity Considerations in Networks with Opera- 
~ tional Amplifiers 


The relation between the sensitivity function and 
the pole and zero sensitivities of a network function has 


been mentioned in Section II-C which is now repeated: 


{ = C 
a rk 
a pee es Oa oo eelee! 
on =) - ; , (9-2;) ) (5-4) ( ) 


—) 
{4 d= 


It is well known that one of the major concerns in active RC 
network synthesis is that of minimizing the sensitivity 
memecton Eq. Ir.14. 

One method of minimizing network sensitivity consists 
in judicially selecting the zeros (2. ) and poles ey of the 
Meework function. To illustrate this consider the network 


function given below 


ge ae « 
een) = x YS Bese) een Os (iii 1S) 
ee Se) 54205 Gl” 


The sensitivity of T(s) to a network parameter is according 


meeeaqs. EL1.14 and II.15. 
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feegure Lit.22 The Open Loop Voltage Gain of the 
Hite oamiA a Operatronal Ampliiicers 
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2. 
where A(s) = Sa Nite (3) — 3% i eggs 2) ~ 5. Dts S721) 
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i 
faethe neighborhood of pole frequency Py the term S /o-%) 


dominates and the sensitivity function can be approximated by 
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mor Ss = Py) PC(ormees. -G and Elsi? can be equated. 
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DE yy 
The following observations can be made about the above 
melation: 

Cec eno teint y function 1S proportional to Q 
hence it is desirable to obtain a transfer function with the 
lowest possible Q. 

(eoectiscrtrvyity function tends to be higher for 
low frequency applications because of the factor w4 in the 
denominator. 

ihe zeros Z4 and Zo Should be as far as 


possible from the pole Py because this maximizes 


T( jo) 


pie,|-2,) (P,-z5) | and so minimizes Sy. However this free- 


dom of choosing Zy1 2 and Py usually does not exist, because 


2 
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m@empOoles and zeros are determined by the desired circuit 
Mem@etion T(s}). In view of Eq. II.14 and OHeee remarks, the 
mere and zero sensitivities should be minimized independently. 
fi Particular, pole sensitivities should be minimized to 
Emcure stability. 

The pole sensitivity with respect to a 


variable parameter is 


1m 
<a 
k 





AK / 
Memee the drift of vee pole due to the variation of k is 
4. yj 
| es 
cl -p. _ > _— 
iF a: k 


moe cOctal drift of Ae pole due to variations of all network 


parameter is 


C Cu 


4 - <7 Be Ay ARe C, i d EC P “ace t. A ra i 
a _ ee a ' 8 . > ite ie 
é aes Co OG: 4A. A, 


{24 | Ge er, ‘ 4 

Clie s) 
where r is the total number of resistors Rey where c is the 
total number of capacitors Cis and where a 1s ee EOtal 
number of active elements A. in the network. The effect of 
active element gain A. can be lumped into one equivalent 
active device A. Since integrated circuits have very good 
component tracking capabilities it is valid to assume that the 
passive element variations are uniform. Thus Eq. II.18 can 


be rewritten as 


fo 2, cae 
eee AR Ae BiG a 

d. ae sas 1 mine ae 
: 4 A R 4 ce C P. 


eee 
where ae = S Gees st )eand Similarly for C. Three 
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mew Lunctions are now defined 
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j 
Then: 
rr = Cc f 
- | | a 
dl. CS dj dR C AC Gs Cie) 
d = ] a = oo roe + ons ere 
a: A A K as C- —— 
4 (-4 1 
= “ 
It is possible to calculate the term S by 
C 
acd 


performing frequency scaling on the network, enone 
Gmanging its admittance level, such that Ww =au. The new 
pole location P. is Pee ae, . Because A and R are not 
functions of w , they do not change, hence dGA/A = dR/R = 0 
when tw changes to w. However the admittance of C changes 
from its old value of wC to its new value of awC. In order 
to keep the admittance level of C unchanged, a new capacitor 


/ 
value C=C/a 1s needed. The values 





f 
cf i a dca lea: - da | (4 = a a Re 
: a cE ‘ / 7 CL 4 A KK 7 
a C c 
—! 
6 5 ° 4 a Ct A ow i. 
PMeewouleettuced into Eq. 11.19 yielding cae ee en 
CL om 7 
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mem Eq. L1.19 1s rewritten 
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i= is also possible to calculate the term > Sy by 


Ke 


ae 


= 


performing admittance scaling on the network without changing 


the frequency level, such that ea es _ a. 
P= P. (dp, =0) , CO . Because A has no dimension dA/A=0 
¢ 


fer admittance scaling. y! 
La 


i 


es = a/R = a hence 





/ , / ( 
mee k/a ti. Y= a = wal =oc hence C’=uaC . The values 
a 
d a | ea a Cu os po ae AG dt ay on At =e CD 
me al CR lel L. 
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e@emoubstituted into Eq. I1.20 yielding 


4 = 
Then Eq. I1.20 is rewritten 
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By substituting for Sy , the pole drift is obtained 


eek | 1¢ 
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Heommecweik,al the direction of the change 


im pole locations due to gain A or passive elements (R, C) 
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variations can be found. Assume ({ 


i 





— = Sy -— . Because dA/A is a real number for low 


frequencies 
p. 
24 
/< r, = [Sey (i 2 2) 


Pepe tt.22 amplies that the directional variation of pole 
location aes gdue to the variation of A is equal to the argu- 


Memt Of the sensitivity function with respect to A. On the 





@eqer hand assume dA/A = 0, when ae = Seis = + =). Then 
pa? = iat because (#8 + 5S) 1S a positive real 
ee 2 I< 


member. This implies that the directional variation of Syaylle 
location due to the passive element. changes are in a direction 
radial with the origin. If the pole sensitivity is minimized 
the equality 


rd Q dere ae 
} (IDS ia cc a 
ze p, ( : | =e (lee. S) 





Pp A 
must be satisified. 
a. Pole Desensitization 

Eeplle2eoeprovides three techniques for pole 
eesensitization [38]. 

(1) Technique 1. Pole desensitization 1s ob- 
tained by designing the network in such a way that the passive 
pole displacement is compensated by the active pole displace- 


fem: [39]. That is 


Pe, 2 uC A 
ot a6 ee 4 oh (11.24) 


72 





mars method is shown in Fig. I1.23. 
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Pgure 17.23 Pole Desensitization by Technique lL 


This technique is somewhat complicated since the chosen 
Beeadoack configuration depends both on the physical prop- 
erties of the active and passive components being used and 
On the location of the particular pole being desensitized. 
The requirement imposed by Eq. I1.24 is restrictive enough 

to limit severely the choice of network configurations capa- 
memOorL Satisfying both Eq. I1.24 and the characteristics of 
the desired network function simultaneously. This method is 
met Befitab le for network synthesis with operational amplifiers 
Since the gain characteristics of the amplifiers must be 
individually controllable or variable with ambient variations 
which they usually are not. 

(2) Technique 2. In the second desensitization 
technigue, the network configurations used are those, whose 
Srwtercal polle sensitivities depend only on the passive network 
elements. For some structures the pole sensitivity with 


respect to the active elements can be made arbitrarily small. 


oS 





iieme tie poles are desensitized by using resistors and 


capacitors with uniformly equal but opposite temperature co- 


efficients. Hence 


O 


ny dr je 
wee a 
an ) Ie Cs 


Gites desensitization is shown in Fig. I1.24 





Figure I1I.24 Pole Desensitization by Techniques 2 and 3. 


Typical network configurations for this technique are the 
negative - feedback configurations, and unity gain forward 
meecback configurations [38]. In both Gases wtne pole sensi- 
tivity to A can be made arbitrarily small by the use of ampli- 
fiers with high loop gain. Thus operational amplifiers are 
meal for this technique. 

(yee tocnnraque 3S. in this technique the pole 
sensitivities are dependent on both active and passive compo- 
nents as in the technique 1. The sensitivity with respect to 
passive element is again minimized by using resistors and 
BeacitOrs With uniformly equal but opposite drift character- 


istics. However in this technique the sensitivity with respect 
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LO active element 1s not minimized, but the drift of the 





active element gain 1S minimized. Hence 
: ne ae 
dA vo — | a= O 
a } (2 Cc 


The desensitization scheme is same as shown in Fig. I1.24. 
The active element can be stabilized by a 
local negative feedback network consisting of passive compo- 
nents with good tracking properties. Since the stabilization 
is much more effective with high open loop gain of the active 
element, the operational amplifiers are also ideal for this 
technique. But Since available closed loop gain of an ampli- 
meer 1S greatly reduced by meee Seabulaning Neawork, 11 fice 
Q applications more than one amplifier may be required. 
Pance there is no limitation on pole sensitivity with respect 
to active elements, this technique gives more freedom Oe 


choosing the network configuration to be used. 
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eee eit GAIN SYNTHESIS TECHNIQUES 


A. INTRODUCTION 

In the preceding chapters, the advantages of using oper- 
ational amplifiers in the synthesis of active RC networks 
were indicated and the theory of operational amplifiers was 
discussed. Particular mention was made @ethe pAv4iC opera— 
meonal amplifier. 

iene past ten years a great many synthesis techniques 
with operational amplifiers have been proposed and experi- 
omecie results are given in the literature. The number of 
Proposed circuits is quite oe and there 1S need to see 
Sify them and for a common theory. The purpose of this thesis 
is to give such a classification and evaluation based on a 
common theory. Circuits are classified with respect eae 
MeMmoer Of amplifiers in the circuit. For the single opera- 
tlLOnal amplifier circuits a subclassification has been made 


with respect to the number of feedback paths. 


Pe oLNGLE OPERATIONAL AMPLIFIER Seibel s 
lL. General 
In the active RC network synthesis with a Single 
operational amplifier, the most general circuit configuration 
flo vwiimebag. Fibyt. The RC network in Fig. III.1 can be 
Semsigered to be a Six terminal feedback network. The input 
Signals to the RC network are V, and V.,. The feedback signal 


a 2 


to the RC network is ve and the output signals are V3 and V,. 


The feedback network can be a single network terminated in 


the negative input of the operational amplifier or it can 
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marguEe LI 1.. 1 The General Configuration of Single 


Operational Amplifier Active RC Circuits 


Consist of a number of networks terminated in both inputs. 
lemeappropriate to separate the synthesis problem into 
wo Parts. 

a. Single feedback synthesis. 

b. Multiple feedback synthesis. 

These methods will now be discussed. 
moe mgte Peedback Synthesis — 

The general circuit configuration for a single feed- 
back network based on Fig. III.1 can be shown as in Fig. 
ieee in general, the two input circuits and one feedback 
earcuwme Might be active RC, or paSSive RC circuits. However 
Since the single operational amplifier realizations 1S con- 
Sidered, it iS convenient to make these networks eee RC 
two ports. 

Pemmieurmame CULpuL relations of these RC networks 
Gan be expressed by their two port admittance parameters as 


below: 


a 
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mergure LIT .2 The General Single Feedback Operational 


Panola het CLrCulLt . 
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Since the input impedance of an ideal operational 


mijotiiier is infinite, 


Pemee Loom Eq. ILI.2b 


Vio=a-V (2a (Til. 
4 2 yy 
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and also eee Then by equating the Eqs. III.1b 


an 
fa LIT. 3a 


he 4- we _- — i We —_ eC rm 
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AS can be seen from Fig. III.2 
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Mieretore the Eq. III.5 can be rewritten as 
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V, = — ( 22H ly-( Pte heen) y (III.6) 
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Since tha gain of the operational amplifier is ideally 


mare inite 4 =O Peonevicm sq. Il .5 


Vv VV Bone VV 


I 


_ 2IL 


im@em by substituting the above into Eq. III.6 


V/ {228 y ae 5 etek Sil. oie VV Abi?) 
fe meet  | a ae : ao 2: 
- ee J42¢ 


By making Yo infinite, the second term of the Eq. III.7 


Naze 


Gan be removed. Then the voltage transfer function of the 


mirscult becomes 


/ “dS: 
aes) = ve. eee Comes) 
Ny aya 


After making Yooe Peis mee limal Circuit configuration 
me Shown in Fig. III.3. 

Since the input and the feedback networks consist of 
linear, lumped, passive RC elements, the transfer function 
feet ll.8 is a rational polynomial ins. For a given 


[merge eranster Lunction T(s) = 0(s)/N(s) to be realized, 


ig 








meagnre ITT, 3 the Final Single Feedback Circuit 


Q(s) is assigned as the numerator polynomial of - Yoip's) 
and N(s) is assigned as the numerator polynomial of - Yi9,(S)- 
Then the passive RC network synthesis techniques discussed 
an the second chapter can be used. 

The above technigue is one of the earliest and most 
frequently used methods in active RC network synthesis using 
evenwOperational amplifier [{2,14,26,40,41,42]. 

i Sensitivity Considerations 

In the foregoing development of the transfer 
Pemetion of single peeubaGk synthesis the ideal operational 
amplifier characteristics were assumed. Now the effect of 
Pie timite Gain and finite input impedance will be investi- 
gated. For this purpose, a more realistic network 
Soeur tom 1s Given in Fig. III.4. In this figure the 
amplifier is assumed to have a finite gain of A, (s) and the 


finite input admittance Ve has been added external to the 
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Figure III.4 Single Feedback with a Nonideal Operational 
Amplifier. 


amplifier. Since the analysis is made with no load the output 
impedance can be included in network, No: 
For Fig. III.4 in addition to the two port admit- 


tance relations of No and N the following relations are 


‘ond 


walid. 


eee | tj 1,4 1, =0 V, =- ALCS), 


t < z } 


mine COrresponding voltage transfer function is 


a 
Ve —- zib Gino 


V 4) 
|e ——. ~ 2 - -. * 
; Joe, A. OS) ! Joe Sea. Y; | 





The term with A, (s) in the denominator above 
represents an error term due to the finite gain and the 
input impedance of the operational amplifier. Because the 


parameters y and Yoo, are not known until the synthesis 


Beli 


Broceaure is complete, it is not possible to predict and 
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Seetmanate this error at the start. This is one disadvantage 
Of the single feedback technique. The error ‘can be reduced 


my) judiciously selecting the Yoopr Yiia 2S will be seen now, 


moon BQ. LIlL,9 




















eee 
V4 / ae ; ee b sue 
ye Se 
a GQits) A. 
NG) j- A [2 Pers yetoer] 
AO) INS) 


where Q(s), N(s), P(s) and D(s) are the polynomials defined 
in three terminal RC ee techniques and were mentioned 
in Section II.A. The error term must be kept small near the 
memo Lrequencies Of the polynomial N(s). Thus if the roots 
of P(s) are chosen near to the roots of N(s) the error 
becomes negligible. 

As has been mentioned before it is not possible 
to know the error at the start of Meee thesis procedure. 
Further, it is not possible to investigate the pole or Q 
sensitivities of the polynomial N(s) when the unknown error 
1S present. However the sensitivity of T(s) = Vi (s) /V, (Ss) 
can be found with respect to amplifier gain or admittance 


Polynomials O(s), N(s), P(s) and D(s) as follows: 





CS) 4 
. AL) - ieee | Ac NG) ] 
ey CS) 
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os) -{ 


f - ; 
nits) ee | = ea 5) 








AL (sy) NC) 
cS) 
ce oe acs? 

ais) oy < 
eee NCS) = |) Ye > | 
ks 4-2 FCS) 

,t Cs) ce f e 
BOG) 4 — (5) | RINE ~ 2 ves) 

ats 


All of the sensitivities are complex functions of fréquency 


paemecan be numerically calculated after the synthesis is 


completed. 
3. Multiple Feedback Synthesis 
a. General 


In the single operational amplifier multiple 
feedback synthesis the output of the operational amplifier is 
fed to the input by means of RC two terminal elements as shown 
moieexample in Fig. Iit.5. 

All multiple feedback realizations can be clas- 
Sified according to three synthesis techniques. Double-~ 
Ladder synthesis, single ladder synthesis, and two special 
Gixrcuits which were proposed by Brugler [21] and Bohn [43]. 

b. Double-Ladder Synthesis 

This synthesis technique covers a great many of 
the active RC networks found in the literature. For example, 
second order realizations with double-ladder technique were 


discussed to some extent by Bridgeman and Brennan [44]. 
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Pgure LL. 5 Double-Ladder Configuration 


Wadhwa's [45] circuit for third order system is one special 
case of this technigue. Rauch's [46] filter is another 
Special case and even some of the Sallen-Key [33] structures 
can be mentioned as special cases of this technique. 

Maem eeneraieerEculit |Gonriguratron of double-ladder 
Synthesis is shown in Fig. III.5. In this figure the admit- 
tances are one-port networks which may consist of one or more 
hor C elements. For EMewOnpecmweNctGteurt voltage transfer Lunc-— 
tions of this synthesis, an explicit algorithm has been given 
by Holt and Sewell [47]. However, a general way of finding 
mem vOoltLage transfer function Of any circuit having one or 
more Operational amplifiers has been established by Nathan 
[48]. His method is used throughout the multiple feedback 
Synthesis and it is discussed in Appendix I. In the calcula- 
meenc Of error due to the finite gain and finite input 
impedance of the amplifier, Mabie sso lemethnod £or finite 


Sadan amplifier circuits has been used. 
8 4 





The double-ladder synthesis is illustrated by a 


general example which has a circuit configuration shown in 


mre. LIL.6 





meogure LIL.6 A General Example of Double-Ladder Synthesis 


The admittance matrix of the passive part of the 


eeeebit, with the operational amplifier removed is where 


{ 2: 3 o 
1 Y¢ aN ¢ 0. 0 
ete | %q2 56,1745) a C 8 
Be | Oo aes (y,t¥31¥, 1723) Dey ee 
Hel 0 0 A ery 5.) “Vy 
eC Ys “Ys 4 ie as 
terminal 6 has been grounded. By deleting the row of the 


favenemode 5 and the column of the driving node 4, 
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the new 











Semettance Matrix for the overall circuit with the opera- 


Sonal amplifier is found. 


4 2. 3 S 
‘ y aie 0 
me, | (CY, tYs4Y, 1 Y,5) ay Ys 
3 | o Y, (YatVst%,4%_5) Ys 
4 O | aio ~Y4 


B@emecie yvOltage transfer function of the circuit in Fig. 


i. .6 1s 
1s 
Ve OY 
= Fi 

Ve ) 
where the superscripts denote the cofactors. This transfer 
menction is 

Mo SS va ye 


eee 


—_——s 
~—~=— 


Me a ton ent Te, 3) eet eet Yas) eat 74 res | a 


Y, (Ya tyeve + Yeh Yo) +Y,, Y 
ie We] (III.10) 


Mi iiemeiae wt oeis Gesired to realize a transfer function 


Such as 


eee 
bs 


SiC 2a Slee city) 


a el yas 5 + 4 
3 ZO A 


Pemecetpartionna.) Lil.10 and Eq. IIT.11, it can be seen that 


Of the admittances Yor Yar You two should be capacitive, 
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while the third should be conductive. Therefore one selec- 


tion of these three admittances is as follows 


oe Seen aS ae S Poa 


2. 2 4 g 


meee the denominator of the Eq. III.11 contains a third 


Order term, another admittance must be capacitive. Hence 
Mmrenbest Of the circuit consists of conductanctances. With 


miese Components the coefficients of the desired transfer 


meet tion are found as 














G,4,,(G. + Gg | ere) 
aq. - Sete 4 Cg, , Cay 
‘| a 1 pe ee, 
er Cy — a Ci, +- Cy a 
=- C, C3 Cy ( ¢ 2 + ©. ee) G “7 dl C. L C = 
2 : ne oo cennaeoa na aaa. _ 
eG,. CG. -) CH Get G, iG, 
a C23 4 
2 


Gin GC 4 Cig =f Ge) 


ie efore the circuit which realizes the transfer function 
Seed. A1t,il is as shown in Fig. III.7. 

[iMimenie CrrEcurt shown in Fig. ea eight two- 
terminal elements are used as admittance networks. However 
this is not necessary. As an example the same transfer func- 
tion is synthesized with a simpler configuration as shown in 
Fig. III.8. By the same method employed above, the voltage 


Memo nseremiiineGgt1on Of LEhis Circuit is found. 
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mice: Tit. 7 





Figure III.8 second Example of Double Ladder 








Synthesis 
We eae 
mT Oe 
V4 aio. ak Y, a) ey 5 Y3 
and by selecting 
C2$ Come 
i ee z , Yh = tt -__— : 
2 K,C, 5 +1 ee eoe tl 
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and the rest of the elements as conductances the voltage 


meansrer function of the circuit becomes 





= — a 
‘ 


where 
ets . a 
mee C,4C,4C,)4+ 0,0, 48, ¢, 
a > > > 4 a2 
Meo (ie kh, RR, + RL8,)4C,C, @,,0@, +8, )+ 8, oor 


-- > : Se aan &: . 
a, > Ro DN Gs ae Ce, eee, KC Cy), 


miewtinal Circuit is shown in Fig. III.9 





Figure II1L.9 Pie Cireitemoreene Second Example 


Note that the number of elements remains the same 
but that one circuit may give better element values than the 
other, 

ercetocitayetysconsciderations. Double-ladder 
Synthesis has one advantage over the single feedback synthesis, 
Tie vyeeenewecifect Of the finite gain, input and output admit- 


mmceewcan be accounted for and can be corrected at the design 


89 





meage. Consider a given second order transfer function 





ins 
Tts) = (al 2 
2 eee UO.” 
Meets to be realized with the circuit shown in Fig. 
/meino, wonich has a voltage transfer function 
ee Gaaeency 
Me Oy, 4 9) + 2 Y, 


ey comparing Eqs. III.12 and III.13 an initial asSignment for 
the element values may be made as follows: 

‘i are i Gia 2 Gia eects 
Now assume the amplifier has a finite gain A, and a feet 
input admittance YX. Then the element values in Ee eieuee lowes 
can be amended and the resulting transfer function can be 
found (by Nathan's [49] method for finite gain amplifiers). 


mae new function 1s 


—= 
— 


V. Ne Ne 
3 = 
. € st -), (Y¥.4¥34 WY, 5) Re ¥, | - i Lys(%4%s : 14Y Oy.) 


Since ya A then 


Vc Ye Ye 


a, 


VA - i (Ni cor vices Das, 4. Ye el i a. ly. CY, sae #¥,,)+%. (%44 7) 





The assigned elements are substituted in the above equation 


and so 
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Pe C, GQ. $ 
We 26,2 + G(c,4¢,)8+ 4, (0,44, J+ 


nn lenes aes 3 + eal ons Gs) 2 GCG, + & \ 


Woich may be written 





Gin 
‘4 ~ oe ar ine 
V ac, + ee. |e |" +\Ca, 4 Ha, +6) 
- C,¢, ae t 23 


This is a second order bandpass filter. 


C (pate 3 Gus Gael 
LG = Cent ays ante ie C4 
e , ce (G, eG. | 
= (G,+ ae i ‘23 


By specifying 


Suitable values for Cor Co, Gy Gyr G3 can be determined 


and the error due to the finite amplifier gain and finite 


input admittance reduced almost to zero. Because 


G;/A, iS Gy , 20 and we can be approximately written as 





: zd 

C 4 Gz C -&.- ~v x 

oe G aids 4 Gates] we G(G,t Gey) (TIT.14) 
C,0%4 fl, Cr 


Vier. 
Q~ ene “ es) 


(TII.15) 
et: | oes | 
A 


~i 


eG, Ane 


Memenewoetines A2o as the error of 20 introduced by the 
mrmice gain Of the amplifier, then from Eq. III.14 


on 





(EK CPE r.1 6) 
wo 
mnie sensitivity Se Powloumemieronenas. 111.14, 111.15 and 
O 
TII.16 
g“ a DO = 4 
le Jee 


FL, CF ( Cc,4 Ca) 


C ma ae Cee) 





Meerema Specific circuit both 20 and A2o is known, therefore — 
Peeenottivity with respect to amplifier gain variations can 
be calculated. 

ew poinglie—-hadder Synthesis 

Siangle-ladder synthesis technique 1S due to 

Magarwal [{50,51,52,53,54,55], who has thoroughly investigated 
the technique with its special cases. The general circuit 
configuration of single-ladder synthesis is shown in Fig. 


(feels) FOr Single-ladder synthesis the algorithm for 





Pecure Tit. 10 Single-Ladder Configuration 


or 





finding the voltage transfer function is also due to 
Aggarwal [52]. 

mena Cxample Of this method, the same transfer 
memeeron Of HG. LI11.12, which was used in the double-ladder 
method will be considered. Hence 


ee 
oc] ) = — 2 aa 


“2 
5 ie = . 
a,5 + cl, s Pcl S + 41 


meemcgenceral circuit used for this synthesis is shown in 


fe TTT. 121. 











Be 
— -— 7, I. , 
I 
Vi, we 
—————___———_ a) 
gure TLL, li A General Example of Single-Ladder 
Synthesis 
The voltage transfer function is 
Yo Yo Ye ne 
V4 Aly =h- ue + Be ons -+- a ie (yY,+4 Y2)| ie Ney ye a Y¥-4+%¢) a, ye 
Byecelecting Y, = CoS , Y, = C35, Y¥~ = Ces and the remaining 


Bermauctances, the transfer function of the circuit has the 


Same form as Eq. III1.12. Equating coefficients yields 


9.3 . 





Ge C2 a) 4- 7 Cz ~C =) { mG 5. 


mR 
\! 


= Ry K. C(O, +63) 4- RK, Ry ree 7 +H Ry GC, — 


> 
nN 
\ 





Mugire LIL. 12 Piece ineie Circuit Of the Example 


For the same voltage transfer function a simpler 


Seereurt can be found and is shown in Fig. III.13 


Ny Y, 
il, 
- > b 
; 
yi V, 
| | 


Pigiee TLL. 13 A Second Example of Single-Ladder 
Synthesis. 
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Bees VOltage transfer function is 





V> & ye. Y 2 
/ . \ x - f 
M4 re. ty OY 


The two terminal admittances are selected 


(GS 
a 4 ST 


\ 
a= G, as 4s 


M@em the transfer function of the circuit satisfies the 


desired transfer function with the coefficients 


eo 5954 Rk.) 168, ¢ 


=> 7 


aa ‘ “> 2 ) 2 io = : ; 
wae c. | 258, + a, fe Smee ss Ss tr, 


— : ») : 
wey, &, C,C, C,, ) 


miemeiial Circuit 1S shown in Fig. III.14 








mecure LLL. 14 The Final Circuit of Second Example 


Sets ccensitrom Figs. LEiT.12 and III.14, the Second circuit 
has no obvious advantages over the first one. Both circuits 
use the same number of passive elements, but the second cir- 


cuit was easier to analyze and the element values of one 


a5 





mercuit might be more convenient than those of the other. 
Pee cial Case Ofethe circuit of Fig. III.10, 
Mes Deen investigated by Aggarwal [55], because of its ease 
MempeelysiS-. Ihas special circuit is shown in Fig. III.15 
and may be used to synthesize ma Corder voltage —Eransier 


maictLoOns 


a=? n-2 


PG Se - b,  4 t) 


: n r= oe 
Soe ee OS te eS + I 


|| (a 


faemeeall of the numerator and denominator coefficients are 
Bem nhon zero and positive... In this configuration it is 


assumed that the shunt elements, 


= a ee See gee 
ty Y Tse De be 





negure IiL.15 A Special Case of Single-Ladder Synthesis 


aT ene icimretance Matrix of the Circuit is (the procedure 


1S described and proved in Appendix 1l). 
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g -Y 
7. ex Yi + Yo ria 
Sores 
Dx Or of. See Son) 
Fake 
3 e ar 
QO 21-~—++ ee 
2 
yn 
1=3 





Vv. . V4 = 
‘ ( Yo +Y,,) ae ly, i Y2) - 
4=% 


Three combinations of this kind of realization which 


meeweasy LO analyze are: 





4 ‘ A 
a ene aoe S eee a 
(1) ieee 7. ne) ‘a q 
zn 
ic : ee 
Y a ae 2 i (Z i 52 Gt) ee 
(2) Y.=< ~ ‘ Ce 
I 1, = GR : cre, roi 
2 
—— : _ _ 21-4 
Y, = C.s ae wees, f 
L 
Te 4 { A 
(3) 4, = CS 4+ — i ee eked 
4 ‘A ) mi 2 = ‘ 
aa SS 


ey 





Pomerat ration Of the first combination a fourth 
Smee VOltage transfer function is considered 
x 2 
T(s)z—- Pel bas +> + mS +4) Cita 
Geno) 4: Ch |: Us tas +4 . 
feeecern—4, the voltage transfer function of the Fig. III.15 
becomes 
ve ee 
V4 (at edt Ye OY Hh) St 
. eae} ° 


Then by substituting the admittance values according to the 


mmect Combination 








4 
; AL 
i. is - (III.13) 
VV oa: -{ 
Beta tag kt) 2 Cae 
v4, a qk aR 


t23 
After a few algebraic manipulations the coefficients of Eqs. 


Mites, end Lill,18 are compared yielding 


A 


eer 
C C 
T+ + pe ye 


oO 


_ — ? . 
; 2 = 1,¢ . b, =o Ce eae +q C,) 


Be=R (99 CC + Pm G@nGerrnc cn. C.. ) 
a ae 2a 5 sleet 5 ie l_ er 


RX ( Cue...) 

- 2 le ae imeees 7 

“i d{4,) +O, R ( ce es +444.) s eLa,ca. CS g te C,) an 
q_ (4, Ct 4, Cc) Ba corn ty. cl 


2-3 





S 
i 


Wo >. c , 
: d{ qb rate eb, +e [40465 94,6,)19, (4,6,49,6,) 4 
. " : pee ; : ’ 
ae Cee + ie c)| 4 ee a Pe (c tee ee 4 e <,)} 


= Ree. 5 Bere | | : 
a, d| 4, eee qo, ame ee (Gye, 46, + Ce a 


fe | Lc 
= Ds le > oF R 

Memema Ce5i1ed transfer function, the coefficients of Eq. 
mmmelgeare Known. A value for R is arbitrarily selected. 
Then there remain eight unknowns (dy, Ger Gor Age Cor Co, Ces 
Cc.) and eight nonlinear algebraic equations which generally 
require a digital computer solution. After these algebraic 


equations are solved, the assignments for the element values 


meemimade. The resulitng circuit is shown in Fig. III.16. 





Figure II1.16 An Example of Special Case 


oo 





GUM e cis. tivity Considerations. For the 
emo le-ladder synthesis it 1s also possible to calculate and 
Peeminate the error due to the finite amplifier gain and 
finite input and output impedance. 
For the special case shown in Fig. III.15 the 
voltage transfer function with finite gain and finite input 
admittance is found. 


Bs 


t 


Yt 


|e ae \ YoY te nas eet oa 
( fle I 1 A Yo . /, , 5 A. UE Y aoe ) | oe 
4-3 


Because 1/A. =<. ly LN is approximated 





a 





Vi; 4 a. ancy 
[ ie +, ) sao, ( Yh : ee +/+ ry ly, +, i yi i, iP ) =| 
Nae §F3 


(ole tl: BES) 


Mhns the error due to finite gain and input impedance is 


291 —"l 


ae { \ 4 
Es Ae Y, aye 4Y; 0Y.4 Y,) a 
jz’ 


Weems pecitice cases this error can be calculated and elimi-~ 
nated by adjusting the admittance values in the design process. 


For example consider the given second order transfer function 


—— rs 
| eS) — a (fiies20} 
Seed 2a a CO 


Equation III.20 is to be realized by the special case shown 
in Fig. III.15. The admittances for n=2 are assigned as 


moO Llows: 
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G 
4 





The circuit with these elements is shown in Fig. III.17. 





mrgure Tit, 17 A Second Order Single-Ladder System 


Tne resistance Ry is the input impedance of the amplifier. 
Parsubstituting for i CVicmmiemiaeowene Las LIl.19, the 


voltage transfer function of the network is found. 





G 
ore io 
V 2 me | ; 7 ; 
i S +| * +12 4 6+ Toon a Gr 
Ny ee, ea 4 Gyre ‘e Ag 


By asSigning 


C,+C. 4 e , 

e=| $-(S4%) rt(£4 y 
a C, C4 Ao C) C, 

We 2 


wie S(t) ~ 8 
= Cs Ua GA, C,¢C 3 Va 








i638 





Bie serror due to infinite gain and input impedance may be 


eriminated. 


wie 0 -1:s 








Ge 
9 eG + 4) 
So 


Bye aGetining A2o as the error of 20 introduced by the finite 
gain of the amplifier 


Nn 


zr G Ge eae a 
nag = ral ae =r _). | Len De Cerny) be 


Q 





mewritten in the form 








Se i 4 
ee 
A [ Bu CG Ag ( on 4 C3 -\ 
= Ot a, Ba 


Note that this is the same expression obtained as in the 
Gouble-ladder synthesis. However A2o0 is different for the 
two techniques 
Meander s and Bohin's Circuits 
Two individual networks to realize voltage trans- 


fer functions were proposed by Bohn [43] and Brugler [21]. 


HO 





Bohn's circuit has been thoroughly investigated and eleven 
mim@etLOn realizations are catalogued by Holt and Sewell [56]. 
EeiVeemetcoult LSesiown in Fig. III.18. The 


Meeteerer TuUNcCLIOn Of the circuit in Fig. III.18 is: 


Vo. :. REDE aac (Y,+Y2 + V2 + en 


(al eh 2 via) 
V4 Pee oY, + Y, + Y< + Yu) 








Pmeiice. Lim. 18 BOM. Sa Circuit 


Even though it is possible to realize functions of degree 
Meeeemana higher, Eq. LLIT.21 is most suitable for second 
erder systems. A given voltage transfer function 
meye— N(s)/O(S) 18 compared with Eq. III.21. By giving 
values to various admittances the coefficients of Eq. III.21 
are matched with the coefficients of the desired transfer 
function and the synthesis is complete. 

iiewseecona cireult was proposed by Brugler and 
Bown in Fig. 111.19. Note that both positive and negative 


Peeapack 1S e@mployed, and that it is possible to realize any 
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mea Of Voltage transfer function, for example, there is no 


Peeeaeret ron On the location of poles and zeros. 


2 


We ee | 





Meoiiiwe iit. 19 Bamgier's Cireurt 


From Fig. III.19 the nodal equations for nodes 


2and 3 are 


EM) -V,) Uy a eo on ah Cv, a v, ) ye 4 a emt) 


Cv, - v4) Ma a eS Ni = Vy) Ve ay =O 


For an ideal operational amplifier 


Manipulating the nodal equations the voltage transfer function 


iwene CILLCULE 1S Obtained as 


Vo Bem s. te) — Ye (Vit Yo 4 Ys) 


—y;, 
— 


M4 ee ayy) = Ae ce eee 7, 
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meecne admittances are chosen such that 


ra ‘i> 4 A = ie 4 Vs 7 ae 


then the transfer function becomes much simpler 








Me Buse 1 ere) 
V4 ee 1s 
Assuming a given transfer function 
yy 
apy NG) _ eet eee COS + CA (isi 2 3) 


Qs) ee tee SS |. ey Se ae 


Pea pOlynomial P(s) is selected such that 


n—4 


PCs) = | | (5+ c;) 
a= 
where n is the degree of Q(s), the c.'S are real, positive 


and distinct. Equations ITIIL.22 and I1I1I.23 are made equal to 


each Other, yielding 


Ya -Y%, _ NGS) ns) J Pos) 


— 


\ SNe QO) ats) J POs) 


The assignments for numerator and denominator are 


M4 -Y_ = N(s)/06s) | Yo - Y= QOD/ PG) Se 


Equations IIIL.24 may be expanded into partial fractions. The 
fe eoLetiiice partial fraction expansion gives both posi- 
tive and negative terms. The positive terms are associated 


with ty and Yee 


3 and Ya: PioMeetemeovmttesic Of the Griving point admit— 


tances is carried out and the synthesis is complete. 


and the negative terms are associated with 


x 


Gio 





Gime ocnsitivity Considerations. The voltage 
Meemeret £UNCLLON Of Bohn's circuit with a finite gain 


amplifier can be found as 





eo) = et . RAR 
4 Qis|t+ a (4s ee) 


where N(s)/Q(s) is the voltage Cola eriMct VON with inti 
nite gain. Because the network topology is known at the 


Peeing Of the synthesis, it 1S again possible to elimi-_ 


Meeemele effect Of nonideal amplifier. By defining : 


7 4 Cie) r ae 
nets) = aL? 4- @ (5) + VY, /,| Q (5) 


tne sensitivity of T(s) with respect to gain of the amplifier 








ee 
) | 
_ ea) NOs) 
= ee 
Ao Aes) ; 
4 ae 
Ni ( 
( $a Vy ) 


Q CS) 


Pemmetiasheana AT(s) are known functions of s, once a partic- 
mcs) 


O 


ular transfer function is given, therefore S can be 
Creemlated. 

iiewvOleace -rangter function of Brugler'’s 
network with nonideal amplifiers can be found and sensitivity 
functions can also be calculated. However since both numer- 
lemme ccmominator have dliference terms, this technique 
Miiecemelvelhac Wich censitivity with respect to amplifier 


gain. In the comparison of different active RC technique 
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it is stated that the best polynomial composition for the 
NIC's gives a Q sensitivity Syn WlEMereSMeCct: tO 
Bemmersion factor k. Since Brugler's technique also uses 
Perynomial decomposition it is possible to state that the 
Piemeivity OF QO of the pole pair for a given transfer 


migetLOn will be very high. 


Cs MULTIPLE OPERATIONAL AMPLIFIER SYNTHESIS 
ieee General 3 

Himes ewpaki active RC networks containing more than 
one operational amplifier are investigated. The transfer 
functions which can be Peete ad with multiple eo aoe 
amplifiers are usually more general than those which are 
realized with a single operational amplifier. Such trans- 
Pete tunctions consist of the ratio of two polynomials with 
Meeecocrtiicients. The coefficients of the numerator and 
the denominator polynomials must be real, however they can be 
positive, negative or zero. Therefore there is no constraint 
on the location of the poles or zeros and they might be any- 
where in the ee However for stable structures the 
poles of the transfer function are required to lie in the 
left half s-plane. 

The multiple operational amplifier synthesis can be 
classified by two techniques. The first technique which was 
proposed by Kerwin, Huelsman and Newcomb [12] is somewhat 
parallel to the state variable technique in the sense that 
it uses summers and integrators only. The second technique 
due to Mathews and Seifert [57] and Lovering [58] uses some 


Pmederemmined Circuit configurations. 
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Zeeotace Variable Synthesis 


Genciader the Open Circuit voltage transfer function 


Eira 
Ge Cr eet eee = LN 
[(s)= —~— = i ee 





V4 os ete ly, Ss 


where a and Das Pen are realsbut might be positive, 


negative or zero. Multiply both the numerator and denominator 


by some variable X which has yet to be defined. 





Then 
~ ‘ ave n 
Bee KF SA PMniS KX tans X (Ti 22) 
/ nm~ i r) 
Me bX eb, 8X tt bX eb Xx 
The Hq. III.25 1s separated-into two parts 
rk 
Ve = ASK + CA 2 ee eee | Xe: AS K (ieee Ga) 
a-{f 
meee et OS Kr te a on a x (Eee Zo) 
Meewagq, Til.26b 1s rewritten 
n bg Ve et eli ae y 
Pepe mS KR A NG Gam) 
oy) Di ~? 5} ri 


This equation resembles a state equation in s if the states 


are defined as follows 
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VA 
~4 
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vA 
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- _ ~_ - _ ~ ~ ~~ —_— se! 


it oeeagwelil.2/ cam be written in matrix form as a state 
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C 0 0 C 
C C C 1 C ; 
2 (ine) 
S = ~ 
“ed ! { ' ; ‘ t B : i M 
0 6, C A C 
De ba = De, i ‘ Ee bos t 
b bb b, dy ae 
feeso, EG. IiL.2Ga can be tewritten as 
: | oa | 
a AY 4 ae ae : ee i a F 7 (TIT .29) 


which resembles the output of the system described by the 
Bq. I11.28. The signal flow graph for the system defined by 
Mepeeeitie 23 and Lf1.29 is shown in Fig. III.20, and the cir- 
cuit realization of this signal flow graph is shown in 


Mie FfT.21. 





Proure Fit. 20 The Signal Flow Graph of the wee Degree System 
Oe 
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Eeoure 111,21 TieweCpeetitte healization of the Signal 
Pie@weGrapi Of Fig. 111.20 


The second degree voltage transfer function realiza- 
tion by this technique is of interest because of the simulta- 
neous availability of the lowpass, bandpass and highpass 
ihmetlons £rom the Single circuit. Assume that a second 


degree voltage transfer 1S given, 


“5 
) Ve toed Cy S 2 Gq > 
Tio a SE 
V4 eee as 


Then the state and the output equations for this system are 


yd & { Ue C 
> eps ~ 24 ria 4 
2 b be ITY b 
az a - 2 





Bie =signal flow graph for this case is shown in Fig. III.22. 
Without Knowing the signs of the coefficients of the desired 
Meansirer function it is not possible to draw the exact cir- 
cuit diagram. However assuming all of the coefficients are 


Meeeerve, the circuit diagram is shown in Fig. III.23. 





EPegurLe LIL, 22 Pew oegmarehien Graph for the Second 
Order System, 
If a lowpass and/or a bandpass and/or a highpass function but 
meena combination of them (such as an all-pass) is required, 


then the amplifier A, 1S not necessary and can be removed. 


4 

Then the lowpass, bandpass and the highpass transfer functions 
4 

can be obtained simultaneously as shown in Fig. III.24. In 


both Fig. III.23 and III.24 the relations between resistors 








ke through R, are 
1 4 
KR Lb ., Ke { KR, +4Rs at 
ee 
Na by KO oa cS 
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Figure III.23 Pepecond Order System 
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Brguiwem hit 24 A Simultaneous H-P, B-P, L-P, 
Secouas Order Filter. 


TWerewliinrs a positive multiplication factor to ensure that 
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Seeeeici tivity Considsrations 
BEmea eccond Order system realization consider 
the amplifiers Ayr Ayr A, Bom melilo24 to haye finite gain. 
Because the gain of the first amplifier A, only affects the 


[feeeetoll Cation factor H any gain variations in A. will not 


al 
Beemee pole Or zero locations or the Q of the circuit. How- 
Meeewchne Gain variations of the two integrator amplifiers A, 
and A. is of interest, because they effect pole-zero loca- 


memimtemanad ©. The denominator of the transfer function of 


TIL.28 with finite gain integrator amplifiers may be shown 
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Neglecting terms with denominators containing the product 
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Miemee lations between the root sensitivities and coefficients 


of a polynomial were mentioned in Section II.C.7 and are here 


repeated 
rl \ 
- pom eer eee ee ee) 
KK ( De + ae 
ye 
; a8 : th 
where k is any circuit parameter. The coefficient of the n 
term can pe expressed as a (b tke). Thus the pole 


Ay 





Mem@ettivity Of Eq. [1.30 with respect to A, and A, 1s found 
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Pus tie circuit shown in Fig. II1I.24 has low sensitivities 
With respect to gain variations. As may be seen from Eq. 
III.30 the error introduced by assuming Tears gain is also 
eeeeremely small for amplifiers with a gain of 10> or higher. 
3. Mathews~Seifert's and Lovering's Circuit 

In the single amplifier single feedback synthesis 
mpscussed in Section LI1.B.2, it was shown that if the poles 
Bae ZenrOs Of a given transfer function are complex, then 
Guillemin's or Fialkow~-Gerst technique must be resorted to. 
These two techniques are lengthy and the final configuration 


is not known at the start. Therefore there 1S no way one can 
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Seermate and correct for the effect of the finite amplifier 
gain. 

Mathews and Seifert [57] proposed a circuit to replace 
the passive networks of the single feedback technique by 


Simple zero producing active networks. Such a Hine wilied ab= 


Smlewin in Fig. I1.25. 


ere Producing > 
Helive Sectiovws is 


> 
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Maguire Lil. 25 Mathews-Seifert's Circuit © 


The voltage transfer function for this circuit is 


Vo ie — Ve 
Vv; 7 Teo: SA 


mes enae a rational polynomial T(s) = N(s)/D(s) with real 
P@et@etereits 15 desired to be realized as a voltage transfer 


PIiGceton.) & polynomial P(s) has then to be selected such 


enat 


n-d 


Py Bol] Ss 


tes 
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where n is the degree of D(s), coefficients a, are real 
Bositive, and distinct, but otherwise arbitrary. Dividing 
ereenumerator and the denominator of the transfer function by 
P(s) yields 

ae YY a>) o7 G(s) 

Yo-Yn iC DD) J PCs) 


By assigning the admittances 
VY, - VY. = No) J ? Cs) iliac 1) 


va, = Dic 7 ts) (Tempe ae.) 


~ 


meeeioing BGS. 2IT.31 and IITI.32 into partial fractions, 
positive and negative parts of the equations are obtained. 
The positive parts are associated with ty and Los and negative 
parts are associated with ae and Yq: Then the synthesis of 
GQriving point admittances can be made by Foster or Cauer 
forms. 

Although Mathews-Seifert's circuit eliminates the 
difficulty of passive three terminal RC network synthesis, the 
Siecul t Toe three active devices. Lovering [58] proposed a 
peorer circuit shown in Fig. III.26, to reduce the number of 
active elements. The voltage transfer function of Lovering's 
mircuit is 
Vea Ws Oe he 


By selecting X3 and Ye eqtelete cacti Other, but otherwise 


MeewiGary tne Voltage transfer function becomes 


ES 








ieee | 212 
Y3 
¢ 4 i 
Ni, 
Euegiure LEL.26 Ove raa gS sea iceui 


Then the driving point admittances can be synthesized 
aS in Mathews-Seifert's circuit. 

A modification to Lovering's circuit can be made as 
shown in Fig. rate The voltage transfer function of this 
SercuLrt 1S found to be 


We Sy i) me ye 


ome 











V4 / ie TY 
The transfer function which is to be realized is 
Meom-eNis)/D(s). The polynomial P(s) is selected as speci- 


fied in Mathews-Seifert's circuit. Then three new driving 


point admittances vae vb and ae are defined such that 


/ 7 / 
be Le ae oy L — pe on i 
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Beaute £LL.27 MOGtEreG Hovering's Circuit 


The aSsignments made for these admittances are 
ee = NGS) / PCs) (Eli) 


yey, = «ODL S) / PCs) i er) 
mit-eeas. F1l.33 and 111.34 are expanded into partial frac- 
Pieieas before. The sum of the positive parts are defined 
as [N(s) /P(s)]", and [D(s)/P(s)] >. The sum of the negative 
parts are defined as [N(s)/P(s)] , and [D(s)/P(s)} . Then 


PW@ewsqs. LIl,33 and II1I.34 are rewritten 


a = 
yy = y,, = | Nis) /pcs)] al NOS) / Pcs) 


f 


/ 4- fos 
eo yo | pcs) JPG) I Pale) 7 pce) 


oc a, i, Y' are found as follows 
a b Cc 


Y. = ioe JL eel sat i Nis) /Pcs) | 
( - Nat 
ve = | p(s fees) + | NOs) J PCsy | 


a + 
Y. = Locsy/ Pcs) 4 + | nis 7 POs) 3 
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After Yae Ye Yo mayvomecen 1Omma, the driving point admit- 
tances eer Ye ae can be found by removing the common terms 
from vor YS and a and the synthesis of need: Yh and Yo can be 
Mone in terms of Foster or Cauer sections. 

MeGitosomonu tie diitterence terms of both numerator and 
aemominator polynomials, the last three circuits have in- 
Metenctly high sensitivities with respect to both active and 


passive element variations, 


Bee REALIZATION OF CONTROLLED SOURCES 

Even though controlled source synthesis is not directly 
related to the active RC network synthesis with operational 
amplifiers, controlled sources built by operational ampli- 
fiers prove to have the least sensitivity. Hence controlled 
sources can be realized by means of operational amplifiers. 
Controlled source realizations with operational amplifiers 
will now be briefly discussed. 

A voltage controlled voltage source (VCVS) is just a simple 
feedback operational amplifier as shown in Fig. II1I.28. 

ifeesheuld be noted that the gain of the positive gain 
VCVS is always greater than one. Furthermore, the gains are 
mietOs OL resistance, which if implemented by integrated cir- 
euets Can be kept to within one percent tolerances. 

Pevyoltage controlled current source (VCCS) is shown in 
Pag. Lff.29, and a current controlled voltage source (CCVS) 


me shown in Fig. III.30, 


des 
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V; ee ie V 
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migure ILLI.28 VCVS Realizations: (a) Negative Gain 


(b) Peocitave Gain 





Pingel tr 29 A vCCS Realization 





pegs iit .30 4 A -CCVS Realization 
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PmeeoumrelemecntcOllead current source is shown in Fig. 


ier. ol. 





Cr 
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A aie: 
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rm t, Ne | 
a ea Ee a Ni, Sy 
C12 





froure LLL. 31 pre CCoo Reals zation 


Note that the transfer function is again utilizing the 


ratio of two conductances and so is particularly suitable 


for integration. 
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IV. DESIGN EXAMPLES AND EXPERIMENTAL RESULTS 


A. ee TRODUCT ION 

This part of the thesis presents experimental results on 
Peeedtts Synthesized with R, C and operational amplifiers, 
Mecording to the theory given in Section III. Six circuits 
are realized and tested, and experimental results are pres- 
ented Beemer the form OL a table and as a graph. Theoretical 
calculations are also given and plotted on the same graph as 
the experimental results. ° | 

Piewatparatus £Or measuring the circuits is shown in Fig. 
IV¥V.1. The measuring arrangement consists, apart from two 
Bemus VOlLt power supplies, of an input signal generator, a 
vacuum tube voltmeter to measure the constant input voltage 
“a and a cathode ray oscilloscope to measure the output volt- 
age We emoetlo check that no distortion occurred in the output 
due to overload, erroneous biasing or other causes. In all 
Peete experimental circuits except circuit No. 3, the Donner 
Model 1202 sine wave generator was used. For circuit No. 3 
the Peet racikard Model 202A sine wave generator was used, 
because its frequency has a lower range than the Donner in- 
strument. The output impedance of the Donner 1202 sine wave 
generator was measured to be about 500 ohms between 10 Hz to 
Melilzems in order to simulate an ideal voltage generator of 
Mae -mialeresistance of 500 ohms the input voltage to the 
active RC circuit was kept constant by adjusting the output 


Of the generator. 
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iowa beetne Circuits tested the output terminal was also 
always made the output terminal of one of the operational 
Piomikiers. Because the output impedance of the operational 
Sijeli rier 1S typically 75 ohms, the oscilloscope with its 
high input impedance had no appreciable loading effect on the 
Breeuit, and so the error due to finite input impedance of 
the scope may be neglected. For each measurement taken the 
frequency of the signal generator is also measured with the 
scope to ensure frequency accuracy. 

Biewaecevracy Of the measurement gear was aS follows: 
Frequency accuracy 1% - Tektronix type 504 CRO 
Input Voltage accuracy + 2% Hewlett Packard Model 400D VTVM 
OuUEput Voltage accuracy 3% Tektronix type 504 CRO 


Bias Voltage Tolerances Hewlett Packard Model 721A 
m0. 3% Power Supplies 


PasSive Component Tolerances: 
Resistors + 5% Allen-Bradley 
Gapacitors + 5% Cornell-Dubilier 
Active Components: 


Operdtional Amplifier - Fairchild wA741C data Sheet 
given in Appendix II. 


Because of the wide tolerances of the components with 
which the active RC networks are realized, there is some dis- 
crepancy between experimental results and the theoretical 
responses. However the results showed that the circuits 
realized with single amplifier, single feedback technique or 
double or single ladder techniques are less sensitive to 


Peeieme Variations than the Brugler's or Lovering's structures. 
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meee CL RCULTS 
1. Example No. 1: Single Feedback Synthesis 
Meme peimeclLrculi voltage transfer function T(s) is 
femme realized by the single operational single feedback 
Pemmequic described in Section III.B.2. The function is 
second order bandpass and given by 


d, 


—_— = 











Dis) Se eel 26 4. 40S 4s ice cee 

Mie transfer function oe bandpass Characteristic with 
center frequency of twenty kilohertz at which the operational 
amplifier gain already departs from its high value and a 
quality factor of ten. The passive three terminal RC net- 
works are to be realized by the Fialkow-Gerst technique des- 
Sietoeo in Section IIIT.A.6b. 

An auxiliary denominator polynomial M(s) of the trans- 
fer function is selected. 

ics) = es ec = te Tee oe (s4 mic yt S + en) 

ieemechne Open Circuit voltage transfer functions of the input, 


ana the feedback circuits shown in Fig. IV.4 become respec~- 
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(s) 146% 40'S 
N Cs {50 3 
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ae oe Ds) a a2 a = Ee elateaG ee + 14.88 X +o 
12a f' (3) SNeza eae oy 40° 5 4- 2. xX Aone 


meet wetemcerine the Short Circuit input admittance of the 


feedback network it is necessary to select another polynomial 





Meweos described before. For this example P(s) is selected 


as follows 
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and may be expanded as follows 
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Then Yoo 1S separated as the input admittance of two parallel 


mmeee-cterminal networks. 
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Note that M(s) is also separated during this process as 


5 sae fo 
Misd=s(satsuxto J+ (4.42 X40°S 4 2x 40) 


Polynomial D(s) can be separated as 
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8 : oo 
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Therefore, the transfer functions of the two subnetworks may 


pe ewritten 
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capacitance and the series resistance 
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where peepee OS 81.6 X 10 Y aioe = Sy) 4. 2 2X fo 


The new transfer admittances are 
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eiewreecdback Circuit is shown in Fig, IV.2. 
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Figure IV.2 OU Mey Iievevele cic! @ (0 iaates bial w 


iiemepuL Circuit transfer function is 


ee 
to) = a Z v 


Soe Soro S+- 2 Nero 
It has a simple zero at the origin and a simple zero at 
infinity. Therefore, it is not necessary to go through the 


2, 


Seme procedure again. Instead by stating 
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Piewrtnput circuit is shown in Fig. IV.3 
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(Memoverall circule admietances are scaled by the 
eeatling factor of nage The overall circuit diagram is shown 
in Fig. IV.4. The measured frequency response of the exper- 
imented circuit 1S given in table IVv.l. The theoretical and 
the experimental frequency responses of the circuit are shown 
mm Fag. IV.5. The theoretical and experimental curves are in 
Mery good agreement indicating that the circuit has good 


sensitivity with respect to both passive and active element 


wariations. 
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WABELE IV.1 The Experimental Frequency Response 


Of Wesco Len NG. a. 
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2. Example No. 2: Double-Ladder Synthesis 
Peocecna order high-pass Open circuit voltage trans- 
Peeerunction T(s), given by Huelsman [40] 
v2 


ee 5 
T(s)=- pee heat = 
See Go ] 2.73 Ko 














1s to be realized with the double-ladder technique described 
[ee -otion J11.B.3b. The structure of Fig. III.8 and its 
accompanying circuit transfer function is considered. 


Pimchis particular example, both Y,. and Y, have to 


2 4 
be selected as capacitive admittances since the transfer 
function has two zeros at the origin. The element values 


memerechnosen as follows: 


pee 276 mics, Y2=%, = %, = 2% , %23 = 1370 whes 
(eeeeor the admittances are scaled by a scaling factor of 

no. Then the circuit diagram becomes as shown in Fig. IV.6. 
The experimental frequency response of the circuit is given 
Mameaole IV¥.2 and the experimental curve is given in Fig. 
IV.7. As can be seen a bandpass and not a highpass character- 
rae as predicted by theory and also shown in Fig. IV.7) is 
obtained. The discrepancy at the higher end of the frequency 
Beamaers due to the fact that the gain of the operational 
Emieuitter falls with frequency at a rate of 6db per octave 


and so progressively departs more and more from the assumed 


iiiniai te value. 
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FREQUENCY GAIN FREQUENCY GAIN 





l Hz. 0.00 3 0.98 
20 " 0.04 4 0.98 
40 " 0.13 5 0.98 
60 " 0.30 6 0.98 
go " 0.50 7 0.98 

100 " 0.66 . 8 0.99 

120 " Oaoe 9 0.95 

nso * 0.89 15 0.88 

200 " 0.95 30 0.69 

300 " 0.98 50 0.60 

500 " 0.98 100 0236 

700 " AOL 200 0.18 

1 Kha. 0.98 500 0.14 
2 Kha. 0.98 1 Mhz. 0.12 


TABLE IV.2 The Experimental Frequency Response of the 
evap le wo. 2 
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Figure IV.7 The Theoretical and the Experimental 


Frequency Responses of the Example No. 2. 
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3. Example No. 3: Single-Ladder Synthesis 


A secona order open circuit voltage transfer function 


T(s), 
Stes 
A= — = 
ec OZ see 4 oo 
femeeoembe realized. This transfer function has a bandpass 


midtedeceristic with a low center frequency of 0.5 Hertz and 
Mmeeiaey factor Of fifty. The realization is to be made 
with the Eee: synths is technique described in 
Peeeron LIL.B. 3c. 
Pimaecucemre Of Fig, Lit, 13 and its accompanying 
Simeemre transfer function is considered. For this particular 
example the element values are chosen as follows 
Pe = 0.0314 wmbhos , Yo = Y-, = > | tee milios 
Pyeor the admittances are scaled by a factor of to aon 
iiewoverall circuit configuration of this example is 
shown in Fig. IV.8. The experimental frequency response for 
this example is given in the table IV.3. The theoretical and 
the experimental responses at Pie melEeCwiMewace. ShOwn 1m Fig. 
wv .9. Note the very high gain of the circuit at iets Oma veer 
Note also that the feedback resistor of 32 Mohms is comparable 
with the input impedance of 2 Mohms for the operational ampli- 
fier and so it is not possible to assume that the input current 


of the amplifier is zero. This caused a slight shift in the 


resonant frequency. 
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SrevoO tiz. 20 Oe LU ze 708 


0.150 " 33 0.520 " 800 
0.200 " 37 0.530 " 640 
0.250 " ver 0.540 " 520 
0.300 " 91 0.550 " 367 
0.350 " 133 : 0.600 " 234 
0.400 " 268 0.650 " 167 
0.450 " 514 0.700 " Aly 
0.460 " 743 0.750 " og 
0.470 " 1183 0.800 " 94 
0.480 " 2365 0.850 " 80 
0.487 " 5000 0.900 " oe 
0.490 " 3440 6.950 " ou 


Heo 00 " 1800 tO OOD 60 


HAGiIs LV. 3 The Experimental Frequency Response of 
the Example No. 3 
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Figure IV.9 TiemlicereLrcal and the Experimental 


Pecquency Responses of the Example No. 3 
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fe example No, 4: Brugler's Circuit 


PeeoeeonG Oreger all-pass transfer function 


2 
a % 
| (Ss) ee ee (Ss =%%.26 x 4¢ ) 


ny 


DCs) (Cece ce) 


emea Critical frequency in the 1 Khz. region is to be 
Bemeezea by Brugler's circuit described in Section III.B.3d. 
eiemeenecral configuration of this circuit is shown in Fig. 


meee |6L Ke 6 yOltage transfer function is 


as) = rival Ye + Yo — Yu (i oa ya) 
Ye OY 42 493) — Ya (n+ ¥e4 Ye) 


If in this transfer function 


( eet 4 rebar Ya Vy Ci a) 


then the voltage transfer function reduces to 


6 %2 
A polynomial P(s) is selected as previously described. 


2 
eee 5 4 6.2 S xX 10 


Both the numerator and the denominator polynomials of the 





Meee meemanster function is divided by P(s). Hence 
3 ' Dis) 3 
Dis 
ee 5 4 6.2 X40 cpr ee. 2 & x 40 
P(s) S4 6.27% x -1° Pcs) 
Then the values of the admittances, Yur Yar Yar Ye can be 
asSigned as follows 
$ 2$.12x40 S 
a <n eee ee Sale. 4c 
ee] Ste 2sxto, Y,=0, Y= —————— 


Sone ic. 
Mmmmorder tO Satisfy the Eq. IV.1 the values for Y5 and Y. 


are asSigned as 
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OO 





on 
moot 2x (9 > 
> + 62S x e 


= 
PepeeOrt the admittances are scaled by a factor of ao 
fitewtinal circuit for this example is shown in Fig. IV.10. 
The experimental frequency response of this circuit is given 
[mimieaple 1¥.4. The theoretical and the experimental frequency 
responses of the circuit are shown in Fig. IV.11l. Note that 
the high frequency fall Off of the experimental curve may be 
Pomeidered due to the fall off of the operational amplifier 
gain. The low frequency discrepancy at the theoretical and 
experimental curves is probably due to the poor sensitivity 


memetenecr Cult, which is a characteristic common to all methcds 


Popeeiemse Le admittance difference terms in their denominator. 


et eo 


1 ake ee 





| ay 





Bremce 1V.1L0. The Circuit Diagram of the Example No. 4. 
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Pee OUBNCY GAIN FREQUENCY GALN 





io. Hz. 0.80 ae en 0.98 
o" 0.85 ca 0.98 
oo 0.88 ae 0.6 
250 " 0.92 oan 1.00 
S00 " 0.95 On ec 0 
poo ' 0.98  . 7a on 
soo " C.98 Om 02 
900 " 0.98 100 " eas 
ee Kh . 0.98 200 " 0.93 
ie" 0.98 500m" 0.65 
ie? 0.98 100 0.60 


ie O93 1 Mhz. 0.40 


TABLE IV.4 The Experimental Frequency Response 
of the Example No. 4 


142 





4. 6 Tepe SS arg a eer a a a ae 





Ne eee 8 




















ee ee 
b Kpe Ciwie vi Lal 
qe 
ue 
Thee " et: ab On 
4 : 
Pe a | Sees 
[ESO ' 
| 
x | Bx 
x 
x | 
me | | a ae 
= Pi 
| . ! 
| P| 
| | | | 
| ) | xX 
0.6 e a oe ae a | ee 
| 
| | | 
ee Pee 
| 
. \ 
° a oe ae as aa Sl a nla es 
| | | 
| 
| | 
| | , | | 7 
Cre , es 7 — 7 : 7 = 
foHr JOO UZ AK FoKH 2 JooKk Hz aVMeg 


igure IV.11 The Theoretical and the Experimental Frequency 


Responses of the Example No. 4 
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weeenxample No. 5: Lovering's Circuit 
The same all-pass voltage transfer function of example 


fmemeee OC realized by the Lovering's circuit Fig. III.26, 


Meee rtoecd in Section III.C.3. The given transfer function is 
aed 
tts) - NOL = eee 
1D (s) (Ae 


Memeeiansrter function of the Fig. II11.26 is 


Ya Ve -— Yo ¥s 
TEs)= ———-_ + 

YT Nie a We is 
If the admittances Y. and Ye. are selected equal to each other 


PMmmocherwise arbitrary, then the transfer function of the 


Seeenit recuces to 


Y4-Y2 
T(s) = ————-— 
re a 
Then both the numerator and the denominator polynomials of 


the given transfer function are divided by an auxiliary poly- 


nomial P(s), 


3 
Piys= S++ 6-20 X 40 


From that division, the values of the individual admittances 


ate found. 
2 
se ee AO). > x _ 
Pee Y= 


2 
—- = $+ 6.25X 40 ea “ 
4 = NG , 2 ee 


Tree vwalues for the admittances Y5 and Ye aremse lected arbdi— 


Peay as COonductances of 10° mhos. 


Poaeeadmittances are Scaled by a factor of tomo The 
resulting circuit for this example is shown in Fig. IV.12. 


The experimental frequency response of the circuit is given 


144 


in Table IV.5. The theoretical and the experimental fre- 
quency responses of this example are shown in HsGpee a Wand St 

AS can be seen, the circuit has:good low frequency be- 
fmeaeboOr. At high frequencies the characteristic falls off 
Seeeeco Ene Lall off in gain of the operational amplifier. [In 
Poemeelon, there 1S present some ringing probably due to over 


compensation by some paraSitic elements. 
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FREQUENCY GAIN PREQUENGY, GAIN 





10 Hz. 1.00 1.5 Kha. 0.95 
50 " 1.00 po 8 0.95 
100 " 1.00 3 8 0.90 
250 " 1.00 5 8 0.90 
500 " 1.00 10 " 0.90 
700 " 00m 20 " 0.95 
g00 " 0.95 50" et 
900 " 0.95 100" 1.20 
1 Khz. 0.95 200 " 1.00 
iit 0.95 500" 710 
imo 0.95 700" 0.65 
1.3" 0.95 1 Mhz. 0.70 


ABLE LV.5 The Experimental Frequency Response 
Ole enews lain Le Nore 5 
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Pegiire LV .1 3 The Theoretical and the Experimental 


Frequency Responses of Example No. 5. 
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TeeeexamplewNoO. 6: Modified Lovering's Circuit 


ite wsamewatl—-pass fumction of example 4 and 5 is to 
Pemeeecalized by the modified Lovering's Circuit described in 
Peeeon T11,.C.3, and shown in Fig. II1.27. 


The transfer 
mime tiOn is 


2 t 
see ee (S$ ~-6.28XxX do \ 


OCs) (Care. 2a Keio ) = 


The same polynomial P(s) of example Nos. 4 and 5 is again 


used to divide both numerator and denominator polynomials. 


_ = 3 
N (5) | 3 ed eS 
= $46.26 X AQ —> ——-—————— 
al) 





Sr G2 oo io 


is 
a = DT OO 2-GE KAO 


feemeolctcage transfer function of the circuit shown in Fig. 





Pie 2) 1s 
HCG ee Yb Ye 
Yo — “Vp 
Therefore, - 
% 
3 2 ee GS 
Y ~~‘ eet G 22 SX AO = 
» “ S++ 6.286 x Yo” 
3 
a — xd 
te VY = o +6.2% X4o 
es Mo = 
The values of individual admittances are Y_ = 


a Soleas Xo 
3 = 
ve = Sen y AC 5 et ee 


By scaling the admittances with a factor of ove Eies £rnad 


Circuit for this example becomes as shown in Fig. IV.14. 
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The experimental frequency response of this circuit is 
given in Table IV.6. The theoretical and the experimental 
frequency responses of this example are shown in Fig. IV.15. 
Again the circuit shows good low frequency behavior. The 
fall off at high frequency is due to the fall off in opera- 
tional amplifier gain. However the circuit displays a con- 
Pi@erabie amount of ripple (or ringing) just before the fall 


Mmm—mmme characteristic and this is undesirable. 
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TABLE IV.6 
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of the Example No. 
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The Experimental Frequency Response 








= 


-O 


igure IV.15 





a —aa 


———— 


me. Ao | a Sapa 
Experimental 
H 














: 
sa etical 
: a 
| 
| 
: ee eee eee) 
| x 
| 
{OH2 A002 AK #1 {0K W272 AcokH 7 


et MH 
The Theoretical and the Experimental 
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VeeecovCLUS TONS 


Mecernm active network theory can be considered to have 
Commenced in the middle nineteen fifties with the description 
Semmes cirSt active RC filters. Since that time active RC 
Synthesis has greatly expanded, particularly due to the 
moeeeaduction of practical iMeeqrateag Cilmeures ino the middle 
Mineteen sixties. There is every indication that active RC 
synthesis will completely revolutionize modern network theory 
in the immediate future. 

This thesis is concerned in examining many of the cir- 
cuits proposed in the last decade and classifying them 
according to their relative merits. This is accomplished by 
means of active RC theory whose main properties (often found 
Semteeereca in the literature), are here collected and dis- 
eusseaq in detail. In addition, several of the Pieries des- 
cribed have been practically realized and their performance 
wes ted. 

The main conclusions of this thesis are as follows: 

Ieeccive RC network Synthesis is a multiparameter 
Seemagzation problem. In any practical circuit design one 
Seema stable structure with least sensitivity to active and 
passive network parameter variations. One also attempts to 
Minimize the number of active and pasSive circuit elements 
rirelemyet ensuring that the element values required are suit- 
piste for iantegration. 

Pea! ly tyeagainst oscillation 1S perhaps the most 


Mig@em@eiie factor, which must be considered. A careless design 
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can easily lead to an unstable, active RC structure and if 
Soyemakes pointless any further examination of sensitivity 
fee ener network performance criterion. Hence on the require- 
ment Of stability there can be no compromise with any other 
Pieecuit design. 

eee eriiaps the most useful figure of merit for a 
Seeeuit 1S the sensitivity, which normally requires the 
solution of a multiparameter optimization proktlem. Various 
sensitivities such as Pes, Monee Q, or pole sensitivities 
with respect to active ee network parameters’ are 
distinguished and discussed. Two directions seem possible 
in order to optimize sensitivity. One is to design circuits 
with least sensitivity to parameter changes. The other is 
to design the circuits with moderate sensitivities, but reduce 
Paemmacnitude of parameter variations. The first method is 
appropriate to passive clements, because of the wide toler- 
ances usually encountered in integrated passive element reali- 
zations. The second method seems useful in the case of active 
elements, where the gain can be accurately controlled. If 
the desired network function can be made to depend on the 
ratio of passive network element values, then it is possible 
to keep variations within about one percent and so greater 
sensitivities may be allowed. Sensitivity studies complement 
Mei@elety studies and they are treated together in this thesis. 

(eeencegqrated Circuits have eliminated the need for 
@esioning with the least number of active elements. Because 


tolerances on passive elements are high, one attempts to 
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fees their number and make critical network functions 
S@epend on ratios of element values, rather than on absolute 
Bement Values. Use of capacitors is avoided if possible 
M@emGesistance values must be kept within those limits, 
which can suitably be integrated. Very high resistances may 
be simulated by constant current sources and coupling capac- 
1tors may be replaced by level shifting circuits. 

Peeecei tain Circuits have high sensitivity to para- 
meter variations. Among these circuits were Brugler's, 
Lovering's and Mathews-Seifert's circuit. Hence the exten- 
Sive use of these circuits iS not to be expected in the future. 
The single feedback synthesis does not suffer from high 
sensitivity, however the design procedure is complicated and 
tedious. The number of required passive elements is high and 
Biemerror due to nonideal characteristics of operational ampli- 
fier cannot be predicted. Although sensitivities may be small, 
they are still complex functions of frequency and can in case 
Smeawcareless design exhibit strange behavior. It seems that a 
Simpler passive RC three terminal network synthesis is needed 
(other than Guillemin's or Fialkow-Gerst's technique), before 
mnewuse Of Single feedback technique becomes practical. The 
double-ladder and single-ladder feedback techniques are 
advantageous, because the error of nonideal amplifiers can be 
predicted and corrected. Furthermore, the sensitivities are 
Bermoncmemese techniques allow the circuit designer to select 
the most compact and useful element values. It is therefore 


felt that single and double-ladder synthesis techniques will 
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find extensive use in the future. One present drawback of 
mee techniques is that as the degree of the desired trans- 
fer function becomes higher than the fourth degree, the 
calculation of element values become tedious and difficult. 
Mieeter, the number of structures that may be selected be- 
Somes M1gh and their relative merits are difficult to eval- 
uate. State variable synthesis seems to have excellent 
properties because senSitivities are very low. Further, the 
waeeeaue CO nonideal operational amplifiers is also low and 
can be neglected in many cases. Network functions depend on 
meiewractlo of resistors, which can be kept within about one 
Peweeent tolerance. Finally, the circuit can be tuned by 
varying the input resistances of the summer amplifier and so 
Paemwotcate Variaole synthesis technique will undoubtedly find 
extensive use in the future. 

6. Final conclusions: It seems clear that passive 
inductors are becoming less and less important in network 
design and that active RC networks with operational amplifiers 
will obviate their need in the future. Naturally, the opera- 
tional amplifier is not the only active device which may be 
used in a design. However it is presently the most versatile 
because of its low cost, high gain and ready availability. 

At present the cost of custom design of active RC networks for 
Gach required network function is deemed to be too high. The 
Pttctiwa sor standard second-order blocks, which can be indi- 
vidually tuned and suitably cascaded, seems to hold much 


promise for the future. Nevertheless, there are many problems 
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that remain yet to be solved. Among these are the fact, that 
most of the presently available active filters have limited 

O and that their performance is confined to quite low fre- 
quencies. Efforts in the future should be directed to 

increase the Q and the useful frequency range of these cir- 
cuits besides decrease the sensitivities to parameter varia- 
memes oynthesis with:-distributed and a mixture of distributed 
miomeumped Circuits is also an appropriate subject for further 


study, because such structures may xveadily be integrated. 
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PEPE Di oi 


MATRIX ANALYSIS OF THE NETWORKS 
HAVING IDEAL OPERATIONAL AMPLIFIERS 


: 


An operational amplifier of gain A, having the input node 
meena the output node j, in the linear, lumped, time 
invariant network imposes a constraint into the network by 
Permeing the voltage ae of the node )j (with respect to the 
fmemerence node), to follow that of the node voltage Vv. an 


Pema way that to maintain the relation: 


a AY. (1) 
without, however, loading the node i. 

Paice an 1d¢al operational amplifier has an infinite gain, 
A="; anc a finite output voltage in the closed loop form, then 
this imposes a virtual ground at the node i. Hence, Vis om 
The operational amplifier injects a source current, I., into 
the node j, in such intensity as to enforce the virtual ground 
at the input node. 

The admittance matrix of the network relates node voltages 
and source currents into the nodes, and is given in relation 
/ w>elow. Here 1 is the driving node, 3 is the driven node, 
p is the input node of the network, and q is the output node 
of the network. 

Since the voltage at the driving node ve is zero, it is 
possible to delete the ae column from the admittance matrix 
and aoe element from the voltage vector simultaneously. Also 


Since the value of the current imposed by the operational 


Le 
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(2) 
amolirier, Ae 1s unknown it is better to delete the ae row 


Eesoneche admittance matrix, and the en row from the current 


vector simultaneously. Then Eq. 2 can be rewritten as follows: 
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fie new admittance matrix of the Eq. 3 can be used to 
Peermine the system functions, provided that the input node 
feeoemoL the driven node, and the ovtput node q is not the 
eemving node, that is: 


PF j.,andqt a 


which is satisfied in almost all cases. 

in the current vector of the Eq. 3, the only non-zero 
entry is the input node current, a Poieeieeor the Clunrent 
injected by an input source. The node voltages of the network 
memmeound by pre-multiplying both sides of the Eq. 3 by the | 


mimemse of the admittance matrix. 


Me ray ye yt 0 
Vo eee ee ee eye BP 1 
vy mel: 44 6 ; 5 s . ae e«” 
3 |1> KR jfyved . 2 yPJ 2. ytd. . x9). yy” 0 (4) 
a ee ee ee ey 0 
Vn eg eee vo Sev ee vey 0 


In Eq. 4, A denotes the determinant of the admittance matrix 
meme SuUperscripts denote the cofactors. 

The transfer function of the network is found from Eq. 4, 
as follows: 


/ Eos, P4 
Tis) = 





eal 
Vo 


Gu 





Without going through the proof presented above Eq. 5 


ome Used to cetermine the voltage transfer function of a 


network 


The 


containing an operational amplifier. 
procedure is: 


ioeeeinad the admittance matrix of the passive part 


Smmene network. 


and the 


2. Delete the row corresponding to the driven node, 


column corresponding to the driving node. 


3. Provided that node p is not the driven node, and 


node q is not the driving node, the voltage transfer function 


of the active network is given by Eq. 5, where p is the input 


node, q 


is the output node, and the superscript denote the 


@eeterors Of the deleted admittance matrix. 


The 
fier in 
dure is 
Mowe On ec 


driving 


proof above is given for a single operational ampli- 
the circuit, however the generalization of the proce- 
immediate, with the constraint that the node p, is 

of the driven nodes, and the node q is not one of the 


modes . 


iG 





APRIL 1969 





FEATURES: 


e NO FREQUENCY COMPENSATION REQUIRED 


* SHORT-CIRCUIT PROTECTION 
e OFFSET VOLTAGE NULL CAPABILITY 


e LARGE COMMON-MODE AND DIFFERENTIAL VOLTAGE RANGES 


e LOW POWER CONSUMPTICN 
© NO LATCH UP 


GENERAL DESCRIPTION — The ;,A741C ts a high performance monolithic operalional amplifier constructed on 
@ single silicon chip, using the Fairchild Planar? epitaxial prucess. It 1s intended tor a wide range of analog 
apphcations. High common mode voltage range and absence of “‘latch-up” tendencies make the ;.A741C tdeal 
for use as a voltage follower. The high gain and wide range of operating voitages provide suoerior pertorm 
ance im integrator, summing amplitier, and general teedback applications The ,A741C is short circuit pro: 
tected, has the same pin configuration as the popular ..A/09C operational amplitier, but requires no external 
components for frequency compensation. The internal 6dB/octave roll-otf insures stability in closed loop 
applications For tull temperature range operation (—55°C to 4-125°C) see A741 data sheet 


ABSOLUTE MAXIMUM RATINGS 
Supply Voltage 
Internal Power Disstoation (Note 1) 
Ditferential Input Veltage 
inpuf Voltage (Note 2) 
Voltage between Olfset Null and V- 
Storage Temperature Range 
Operating Tempeiature Range 
Lead Temperature (Soldering, 60 sec) 
Output Short-Circuit Duration (Note 3) 


EQUIVALENT CIRCUIT 


MO EGE AG 
wrt 


NOTES: 


(1) Rating applies for ambient temperatures to + 70°C. 





Ovreut 





om MNT RG. 






























Gy 

500 mW 

+30V 

+15 V 

+O05V 

—69°C to +150°C 
0°C to +70°C 
300°C 

Indetinite 


CONNECTION DIAGRAMS 


Orne? 
fel 


(hvEAtings 
(hP yt 


eet — 


(2) For supply voltages less than +15 ¥, the absolute mazimum input voltage 1s equal to the supply voltaze. 


(3) Short circuit may be to ground or esther supply. 





PHYSICAL DIMENSIONS 
in accordance with 
JEOEC (TO 93) outtine 


370 Cd] 
335 a 


35 52] 


ee 


30$ 


Seating 
Plere 





BOTEE Dwmeenons sire ‘views IO commence 
Oi BO mareaey * 0c fae 
REO19 Oo 9.6 6 b18d Free: 
Se cage oo ght al d7 4 ome 


ORDER PART NO. U5B7741393 


TYPICAL DUAL IN-LINE PACKAGE 


Similar to 


JEDEC (10 Blu} Outline 





i” 
ur 





etd Lana) 


NOTES Ali dimensions in inches 
Leads are intended for inserteon 
wy hole rows, 3ch0 centers 


ORDER PART NO. UGE7741393 











*Planaoris a patented Fairchild process. 





COPYRIGHT FAIRCHILD SEMICONOUCTOR 1969 ¢ PRINTED INU.SA 04 8R-0025 49 30M 
MANUFACTURED UNOER ONE OR MORE OF THE FOLLOWING U.S. PATENTS: 2981877, 3015048, 3025589, 3054167, 3108359, 3117260; OTHER PATENTS PENDING. 
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| FAIRCHILD LINEAR INTEGRATED CIRCUITS pA741C 7 


ELECTRICAL CHARACTERISTICS (Vo = +15V,T, = 25°C unless otherwise specitied) 
PARAMETERS (see definitions) 









mn re 


CONDITIONS MAX units | 


SS ee 








































' 


Input Oftset Voltage Ry < 10k 60 mV 
Input Oftset Current 20 200 nA 
Input Bias Current 80 500 nA 
Input Resistance 0.3 2.0 Mi 
Input Capacitance 14 pF 
Oltset Voltage Adjustment Range +15 mv 
Input Voltage Range eile #13 V 
Common Mode Rejection Ratio Ro < 10k 70 90 dB 
Supply Voltage Rejection Ratio Ro < tO ke 30 150 pN/V 
Large-Signat Voltage Gain R, > 2k, Vo, == H10V 20,60 200,000 
Output Voltage Swing R, > 10kQ +12 +14 
im 2 2 hs +0 +13 
Output Resistance 15 y 
Output Short-Céircurt Current ss oo inA 
Supply Current 17 28 mA 
Power Consumption 50 85 nmiW 
Transient Response (unity gain) V, = 20 mV, R, = 2 ke, G «. (00 pF 
Risetime 0.3 , ns 
Overshoot 9.0 — % 
Slew Rate Ree 2 ho : 0.5 V/us 
The lollowing specifications apply for O°C < T, < 4-70°C: 
Input Oftset Voltage Es mv 
Input Offset Current 300 nA 
input Bias Current 800 nA 
Large Signal Voltage Gain RS 2 NV ae SION 19,000 | 
Output Voltage Swing RZ KY? a. ae +10 _ ao _—.. V 7 
TYPICAL PERFORMANCE CURVES | 
OPEN LOOP VOLTAGE GAtN OUTPUT VOLTAGE SWING IBPUT COMMON MODE ! 
AS A FUNCTION OF AS A FUNCTION OF VOLTAGE RANGE AS A 
SUPPLY VOLTAGE SUPPLY VOLTAGE FUNCTION OF SUPPLY VOLTAGE | 


uc swore ft 


eee eer ae er et 


———- y-——- + ae ees le pa-- oe - - -- [- = 


«Vv 


PEAR-'O- PEAR OUTPUT SING © 
COMMON ATA SILTAGE RANGE - 
- 





SLPLY WLA ee ¥ SUPRLY VOLTACE © 4 ¥ 
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| FAIRCHILD LINEAR INTEGRATED CIRCUITS »A741C | 




















TYPICAL PERFORMANCE CURVES 
POWER CONSUMPTION INPUT BIAS CURRENT INPUT RESISTANCE 
AS A FUNCTION OF AS A FUNCTION OF AS A FUNCTION OF 
SUPPLY VOLTAGE AMBIENT TEMPERATURE AMBIENT TEMPERATURE 
= Wet by on a eo: 
7) 
= re] 
‘ 3 : 
. = 10 ¥ 
2 s “ 
& < = 
v ane 7 
E e z 
a © 
0 ——— 
6 10 x w “ 50 & 30 
SUPPLY ViLIAGE © oy TEMPERATURE °°C TEMP RATURAL - °C 
INPUT OFFSET CURRENT INPUT OFFSET CURRENT POWER CONSUMPTION 
AS A FURCTION OF AS A FUNCTION OF AS A FUNCTION OF 
ANBHANT TEMPERATURE AMBIENT TEMPERATURE 
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DEFINITION OF TERMS 


INPUT OFFSET VOLTAGE — That voltage which must be applied between the input terminals to obtain zero output voltage. The input offset voltage may 
also be detined for the case where two equal resistances are inserted in series with the input teads. 
zs INPUT OFFSET CURRENT — The difference in the currents into the two input terminals with the output at zero volts. 
INPUT BIAS CURRENT — The average ot the two input currents. 
{NPUT RESISTANCE — The resistance looking into either input terminal with the other grounded. 
{NPUT CAPACITANCE — The capacitance looking into either input terminal with the other grounded. 
LARGE SIGNAL VOLTAGE GAIN — The ratio of the maximum output voltage swing with load to the change in input voltage required to drive the output 
from zero to this voltage. 
OUTPUT RESISTANCE — The resistance seen looking into the output terminaf with the output at nult. This parameter is defined only under small signal 
conditions at frequencies above a tew hundred cycles to eliminate the influence of dritt and thermal feedback. 
OUTPUT SHORT-CIRCUIT CURRENT — The maximum output current available from the amplitrer with the output shorted to ground or to either supply. 
SUPPLY CURRENT — The DC current hom the supplies required to operate the ampliher with the output at zero and with no load current. 
POWER CONSUMPTION — The DC power required to operate the amplifier with the output at zero and with no load current. 
TRANSIENT RESPONSE — The closed-loop step-function response of the amplifier under small-signal conditions. 
{NPUT VOLTAGE RANGE — The range ot voltage which, if exceeded on either input terminal, could cause the amplifier to cease functioning properly. 
{INPUT COMMON MODE REJECTION RATIO — The ratio of the input voltage range to the maximum change in input ottset vollage over this range. 
SUPPLY VOLTAGE REJECTION RATIO — The ratio of the change in input oftset voltape to the change in supply voltage producing it. 
OQUIPUT VOLTAGE S\VING — The peak output swing, referred to zero, that can be obtzined without clipping. 





T¥PICAL APPLICATIONS 
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